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ABSTRACT
The s t e a d y  n on -D arcy  f lo w  i n  p o ro u s  m edia was i n v e s t i g a t e d  
f o r  two c a s e s ;
a) When t h e  p o r o u s  m edia were c o n f in e d  w i t h in  a 
p a r a l l e l  c o n f i g u r a t i o n .
b) When t h e  c o n f i g u r a t i o n  was c o n v e r g e n t .
A com parison  b e tw een  t h e  two c a s e s  h a s  b een  made t o  d e t e c t  
t h e  e f f e c t  o f  c o n v e r g e n c e .  I t  was fou n d  t h a t  c o n v e r g e n c e  d id  
r e d u ce  th e  non—D arcy term o f  t h e  F orch heim er e q u a t io n  when t h e  
D arcy  term was t r e a t e d  as  a  c o n s t a n t  f o r  b o th  p a r a l l e l  and con­
v e r g in g  f lo w .
A fo rm u la  i s  s u g g e s te d ;  t o  compute t h e  s lo p e  o f  t h e  f r i c ­
t i o n  cu rve  f o r  t h e  c a s e  o f  c o n v e r g in g  f lo w  i f  t h e  c o r r e s p o n d in g  
s lo p e  o f  t h e  p a r a l l e l  f lo w  i s  known.
For t h e  p a r a l l e l  f l o w ,  a m o d i f i c a t i o n  o f  t h e  c o n s t a n t s  i n  
a n o n -d im e n s io n a l iz e d  P o r c h h e im e r ' s ty p e  f r i c t i o n  e q u a t io n  h a s  
b e e n  d e v e lo p e d .
Crushed rock  and q u a r tz  were u t i l i z e d  a s  f o u r  d i f f e r e n t  
p o r o u s  m edia w ith  w a ter  a s  t h e  f l u i d .
S e t t l i n g  v e l o c i t y  t e s t s  were co n d u cted  to  d e f i n e  th e  f a l l  
v e l o c i t y  o f  each m a t e r ia l  s i z e  a s  a p r o p e r t y .  An e m p ir ic a l  
e q u a t io n  to  c a l c u l a t e  a n a l y t i c a l l y  th e  f a l l  v e l o c i t y  f o r  t h e  
d i f f e r e n t  s i z e s  o f  t h e  m a t e r i a l s  u se d  i s  p r o p o se d .  A r e l a t i o n ­
s h ip  betw een  th e  d ra g  c o e f f i c i e n t  and t h e  shape f a c t o r  o f  t h e  
m a te r ia l  p a r t i c l e s  i s  p l o t t e d  f o r  R eyn o ld s  numbers b etw een  
6000 and 2 0 ,0 0 0 .
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CHAPTER I 
INTRODUCTION
Any s tu d y  o f  t h e  f l o w  o f  f l u i d s  th ro u g h  p o ro u s  m edia
m ust f i r s t  o f  a l l  i n t u i t i v e l y  c l a r i f y  w hat i s  meant by t h e  two
m a t e r i a l s  in v o lv e d  — p o ro u s  m ed ia  and f l u i d s .
-A p orou s  medium i s  d e f in e d  by S c h e id e g g e r  ( l )  a s  b e in g  
" a s o l i d  body c o n t a in in g  v o id  s p a c e s ,  ' p o r e s  *, d i s t r i b u t e d  
more o r  l e s s  f r e q u e n t l y  th ro u g h  t h e  medium i n  e i t h e r  a  r e g u la r  
o r  random m a n n e r ."
I n  a  p orou s  medium, p o r e s  may be  i n t e r c o n n e c t e d  or  non­
in t e r c o n n e c t e d ,  b u t  a t  l e a s t  p a r t  o f  t h e  p o r e  system  m ust be  
i n t e r c o n n e c t e d  to  make a f l u i d  f lo w  p o s s i b l e  throu gh  th e  m edi­
um, T h is  in t e r c o n n e c t e d  p o re  p a r t  i s  term ed  " t h e  e f f e c t i v e
p o r e  sp a c e  o f  th e  p o ro u s  medium, "
P o r e s  vary  i n  sh a p e ,  s i z e ,  and m a g n itu d e  and p r o v id e  
c u r v i l i n e a r  p a th s  f o r  th e  f l o w in g  f l u i d ,
A f lo w  o f  f l u i d  th rou gh  p o r o u s  m edia  may be  c l a s s i f i e d  in  
t h e  f o l l o w i n g  r e g im e s;
1 ,  Laminar (D arcy)
2, N o n - l in e a r  Laminar
3 , T u rb u len t T r a n s i t i o n
4 ,  F u l l y  T u rb u len t
The s i g n i f i c a n c e  o f  t h e s e  r e g im e s  w i l l  be  i n t e r p r e t e d  i n
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d e t a i l  l a t e r .
The s tu d y  o f  th e  f l o w  i n  p o ro u s  m edia h a s  r e c e n t l y  become 
b a s i c  f o r  many s c i e n t i f i c  and e n g in e e r in g  a p p l i c a t i o n s ,  f o r  
example i n  s o i l  m e c h a n ic s ,  ground w ater  and s e e p a g e ,  p e tro leu m  
e n g in e e r in g ,  and w a ter  p u r i f i c a t i o n *
Scanning through  t h e  l i t e r a t u r e  on  t h e  s u b j e c t ,  one can  
s e e  t h a t  th e  v a s t  amount o f  in fo r m a t io n  i s  s c a t t e r e d  o v e r  a 
m u lt i tu d e  o f  j o u r n a ls  w ith  v e r y  few  t e x t - b o o k s .  The m a jo r i ty  
o f  p a p ers  have  d e a l t  i n i t i a l l y  w ith  th e  l i n e a r  f l o w  reg im e and 
t h e  w r i t e r  f e e l s  t h a t  some o f  t h e  a s p e c t s  o f  th e  s u b j e c t  are  
s t i l l  n o t  w e l l  d e f in e d  and need  t o  b e  f u r t h e r  e x p lo r e d .  How­
e v e r ,  th e  s te a d y  and ev en  u n s te a d y  non-D arcy  f lo w  r e g im e s  have  
r e c e n t l y  b e e n  draw ing t h e  a t t e n t i o n  o f  con cern ed  r e s e a r c h e r s *
The main o b j e c t  o f  t h i s  t h e s i s  i s  to  f i n d  o u t  w h eth er  or  
n o t  co n v erg en ce  h a s  an e f f e c t  on th e  r e l a t i o n s h i p s  g o v e r n in g  
t h e  f lo w  i n  p orou s  m ed ia .
To t h e  w r i t e r ' s  k n o w le d g e ,  no one h a s  e v e r  r e p o r t e d  
r e s u l t s  from a r a d i a l  f lo w  f i e l d  u n t i l  1968 when W right (2 )  
p u b l is h e d  a paper t h a t  in c lu d e d  a b r i e f  s tu d y  o f  t h e  co n verg­
i n g  f lo w  p rob lem , th e n  i n  1970 McCorquodale ( 3 ) ,  a s  p a r t  o f  
h i s  Ph.D , work, c o n d u cted  e x p e r im e n ts  i n  perm eam eters w ith  
c o n v e r g in g  and d i v e r g i n g  w a l l s .
The l a c k  o f  l i t e r a t u r e  on t h i s  p a r t i c u l a r  problem  was i n  
f a c t  th e  p r i n c i p a l  m o t iv e  f o r  th e  w r i t e r ' s  work,
A co n v e r g in g  f lo w  perm eam eter was d e s ig n e d  e s p e c i a l l y  f o r
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t h e  p u rp ose  o f  a c a r e f u l  s tu d y  o f  r a d i a l  f l o w ,  A p a r a l l e l  
f l o w  perm eameter was a l s o  d e s ig n e d  t o  compare t h e  r e s u l t i n g  
d a t a  o f  th e  s te a d y  n on -D arcy  f l o w  p erfrom ed  i n  b o th  permeame— 
t e r s .
Crushed ro ck  and q u a r tz  were u t i l i s e d  a s  f o u r  d i f f e r e n t  
p o r o u s  m edia and t h e i r  p r o p e r t i e s  w ere d e te r m in e d  e x p e r im e n t­
a l l y ,  The f l u i d  was w a ter  i n  a l l  t h e  l a b o r a t o r y  i n v e s t i g a t ­
i o n s ,
A s e p a r a te  e x p e r im e n ta l  s t u d y ,  o f  t h e  f a l l  v e l o c i t y  a s  a 
d e f i n i n g  p r o p e r t y  f o r  t h e  t e s t  m a t e r i a l s  was made to  d e te r m in e  
how t h e  drag c o e f f i c i e n t  can be r e l a t e d  to  t h e  shape f a c t o r  
o f  t h e  m a te r ia l  p a r t i c l e s .
The 3 6 0 /5 0  IBM com puter was u se d  i n  t h e  a n a l y s i s  o f  a l l  
t h e  e x p e r im e n ta l  d a t a .
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CHAPTER I I
CHARACTERISTICS OF THE POROUS MEDIA
A p o ro u s  medium i s  c h a r a c t e r i z e d  by a v a r i e t y  o f  p ro p er ­
t i e s ,  The e x p e r im e n ta l  p r o c e d u r e s  t o  d e te r m in e  t h e  p r o p e r t i e s  
n eed ed  f o r  t h e  p r e s e n t  s tu d y  a re  e x p la in e d  h e r e i n .  Experimen­
t a l  d a t a  and t h e  a v era g e  v a l u e s  o f  t h e s e  p r o p e r t i e s  a r e  a l l  
t a b u l a t e d .
At th e  b e g in n in g ,  a s i e v e  a n a l y s i s  was made t o  s e p a r a t e  
t h e  cru sh ed  r o ck  i n t o  t h r e e  s i z e s .  O nly  one q u a r tz  s i z e  was 
u s e d .
Each m a t e r ia l  s i z e  was u t i l i z e d  a s  one hom ogeneous, p orou s  
medium.
The p r o p e r t i e s  o f  t h e  fo u r  d i f f e r e n t  m edia  a r e  d i s c u s s e d  
i n  t h e  f o l l o w i n g  i t e m s ,
2 , 1 ,  S p e c i f i c  W eight and S p e c i f i c  G r a v i ty
The s p e c i f i c  w eight,'Z T , o f  any m a t e r ia l  i s  d e f in e d  a s ,
^  w e ig h t  o f  t h e  m a t e r ia l  ( 2  1 1 )
i t s  volum e
and th e  s p e c i f i c  g r a v i t y ,  G, i s  g iv e n  by
G -  y  o f  m a t e r ia l  ( g . l ,  2)
y  o f  w ater
In  o r d e r  to  d e te r m in e  t h e  s p e c i f i c  w e ig h t  and t h e  s p e c i f i c
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g r a v i t y  o f  each m a te r ia l  s i z e ,  th e  f o l l o w i n g  p r o ced u re  was 
used;
1 ,  A c a l i b r a t e d  c y l i n d e r  was f i l l e d  w ith  w ater  
to  a c e r t a i n  l e v e l ,
2, P a r t i c l e s  o f  known w e ig h t  from each m a te r ia l  
were dropped, in t o  t h e  c y l i n d e r ,  c a r e f u l l y  to  
a v o id  s p i l l i n g  o f  w a te r ,
3 ,  The new w a te r  l e v e l  was r e c o r d e d  and th e  
d i f f e r e n c e  b etw een  t h e  two l e v e l s  gave  th e  
volume o f  t h e  dropped p a r t i c l e s ,
4 ,  By means o f  e q u a t io n s  ( 2 , 1 , 1 , )  and ( 2 . 1 , 2 , ) ,  
y  and G were c a l c u l a t e d  f o r  each  m a t e r i a l .
I t  i s  t o  be  n o ted  t h a t  i n  t h e  m e tr ic  sy s tem  u se d  i n  t h i s  
s tu d y ,  b o th  y  and G o f  a m a te r ia l  a re  p r a c t i c a l l y  numer­
i c a l l y  e q u a l ,
2 , 2 .  G eom etric Mean D iam eter  and G eom etric  S tandard  D e v ia t io n
The g e o m e tr ic  mean, Xg, i s  d e f in e d  a s  t h e  n^^ r o o t  o f  th e  
p ro d u ct  o f  n o b s e r v a t io n s  x^ , Xg, . . .  x^ (4 )  and i s  g iv e n  b y ,
Xg — Xj X Q , • • Xj2 ( 2, 2 , l )
To f in d  th e  g e o m e tr ic  mean d ia m e t e r .  Mg, f o r  each o f  th e  
fo u r  m a te r ia l  s i z e s ,  th e  f o l l o w i n g  s t e p s  w ere perform ed;
1 ,  A sample o f  30 p a r t i c l e s  was ch o sen  a t  random
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from eacb m a t e r i a l ,
2, Each p a r t i c l e  was w e igh ed  b y  means o f  a 
p r e c i s i o n  b a la n c e  w ith  0 ,0 1  gm d i v i s i o n s .  
Knowing t h e  s p e c i f i c  w e i g h t ,  t h e  volum e o f  
each  p a r t i c l e  was th e n  o b t a in e d ,
3 ,  The nom inal s i z e ,  d ^ , d e f i n e d  a s  t h e  equ iva l­
i e n t  d ia m e te r  o f  a s p h e r e  h a v in g  t h e  same 
volum e was c a l c u l a t e d  f o r  each  p a r t i c l e .
4 ,  U s in g  e q u a t io n  ( 2 , 2 . 1 )  i n  t h e  fo rm .
In  M = ^ n l T q ^n2 -<• « &nn ( 2 . 2 . 2 )
n
t h e  g e o m e tr ic  mean d ia m e te r  was fou nd  f o r  each  
m a t e r i a l .
The g e o m e tr ic  s ta n d a r d  d e v i a t i o n ,  was com­
p u te d  from ,
( 3 . 2 . 3 )
F ig u r e s  2 .1  to  2 ,4  show p h o to g r a p h s  o f  each  m a t e r i a l ,  and 
f i g u r e  2,.5 shows a com p arison  o f  a l l  th e  f o u r  m a t e r i a l s
2 , 3 .  S p e c i f i c  S u r fa c e
The s p e c i f i c  s u r f a c e  o f  g r a i n s  i s  an im p o r ta n t  d e f i n i n g  
p r o p e r t y  o f  any p o r o u s  medium.
I t  i s  d e f in e d  as:
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^ e c i f i c  S u r fa c e  (S„) z  s u r f a c e  a r e a  o f  g r a in s  ( 2 . 3 . 1 )
volum e o f  g r a in s
For c o m p le t e ly  s p h e r ic a l  p a r t i c l e s ,  t h i s  term n eed  n o t  b e  
found ,e x p e r im e n t a l ly  and can be c a l c u l a t e d  d i r e c t l y ,  a s  b o th  
t h e  s u r f a c e  a r e a  and volume o f  a  sp h er e  have  known e x p r e s s i o n s .
H e n c e ,  f o r  a  s p h e r e ,
So = 6 /d  ( 2 . 3 . 2 )
w here d i s  t h e  d ia m e te r  o f  th e  s p h e r e .
For a n g u la r  m a t e r i a l s ,  t h e  d e t e r m in a t io n  o f  t h e  s p e c i f i c  
s u r f a c e  becom es a problem  due to  t h e  d i f f i c u l t y  i n  f i n d i n g  t h e  
s u r f a c e  area, o f  i r r e g u l a r  p a r t i c l e s .
Few methods have b een  p r o p o se d  ( l )  t o  d e te r m in e  experim en­
t a l l y  t h e  s u r fa c e  a r e a  f o r  a n g u la r  m a t e r i a l s ;  from t h e s e  t h e  
f o l l o w i n g  method was ch osen  and em ployed w ith  th e  same sam p les  
u se d  i n  f i n d i n g  Mg:
1 ,  Each sample p a r t i c l e  was c o a te d  w ith  m o d e lin g  
c l a y ,  a f t e r  t h e  p a r t i c l e  had b een  w e t te d  to  
p r e v e n t  t h e  c l a y  from s t i c k i n g  t o  th e  p a r t i ­
c l e ' s  s u r f a c e .
2, A f t e r  b e in g  moulded to  t h e  shape o f  t h e  p a r t i ­
c l e ' s  s u r f a c e ,  t h e  c l a y  was u n fo ld e d  c a r e f u l l y  
u s in g  a k n i f e  to  a v o id  any s t r e t c h i n g .
3 ,  The u n fo ld e d  c l a y  was f l a t t e n e d  o u t  and t r a c e d  
on  graph p a p er  d i v i d e d  i n t o  l / 2  cm^ s q u a r e s .
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84 ,  The -braced a r e a  was e s t im a t e d  by  c o u n t in g  t h e  
s q u a r e s .
5 ,  E q u a t io n  ( 2 . 3 . 1 )  was u se d  t o  d e te r m in e  t h e  
s p e c i f i c  s u r fa c e  o-f each  p a r t i c l e  and th e n  t h e  
s p e c i f i c  s u r f a c e  o f  each  m a t e r ia l  c o u ld  be  
d e term in ed  a s  an a v e r a g e .
F ig u re  2*6 i l l u s t r a t e s  th e  d i f f e r e n t  s t e p s  o f  t h e  p r o c e ­
d u r e ,  and f i g u r e s  2 ,7  and 2 .8  show t y p i c a l  sam p les  o f  t h e  t r a c ­
ed s u r fa c e  a r e a s .
2 . 4 .  Shane F a c to r
The shape f a c t o r ,« V g ,  i s  a term o f  v i t a l  im p o rta n ce  i n  
m ost r e l a t i o n s h i p s  g o v e r n in g  th e  f lo w  i n  p o ro u s  m ed ia , being:  
d e f in e d  as
c < g  =  So X d% ( 2 . 4 . 1 )
The shape f a c t o r  was found  by m u l t i p l y i n g  th e  nom inal  
s i z e  o f  each sample p a r t i c l e  by i t s  s p e c i f i c  s u r f a c e .
An a v era g e  v a lu e  o f  was c o n s id e r e d  f o r  each o f  th e  
fo u r  m a t e r i a l s .
N e e d le s s  t o  s a y ,  th e  v a lu e  o f 'V g  f o r  any  s p h e r e ,  re g a r d ­
l e s s  o f  i t s  s i z e ,  i s  a lw ays  a c o n s ta n t  e q u a l t o  6 .
T a b les  2 ,1  to  2 ,4  show th e  d a ta  o f  ea ch  sample from t h e  
fo u r  m a t e r i a l s .  T ab le  2 .3  i n d i c a t e s  t h a t  ofg h a s  n o t  b een  o b -
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t a in e d  f o r  a l l  t h e  p a r t i c l e s  o f  t h e  s m a l l e s t  s i z e  sam p le .
T h is  was due to  t h e  d i f f i c u l t y  i n  c o a t i n g  w ith  c l a y  th e  s m a l l ­
e r  p a r t i c l e s .
The g e o m e tr ic  mean, Mg, and t h e  a v e r a g e  v a l u e , c < g ,  o f  th e  
shape f a c t o r  can be found i n  t a b l e s  2*1 t o  2 . 4 .  Shown a l s o  
a r e  th e  s ta n d a rd  e r r o r s  and t h e  s ta n d a rd  e r r o r s  o f  t h e  mean 
i n  com puting t h e  v a l u e s  o f  Mg and t h e  a v e r a g e .
F ig u re  2 .9  shows a cu rv e  o f v s  Mg, I t  a p p ea rs  from  
t h e  p l o t ,  t h a t  f o r  cru sh ed  r o c k ,c < g  i n c r e a s e s  w ith  a  d e c r e a s e  
i n  Mg. T h is  o n ly  a p p l i e s  i f  t h e  d e g r e e  o f  a n g u l a r i t y  o f  a l l  
t h e  m a t e r ia l  p a r t i c l e s  in v o lv e d  l i e s  i n  a narrow  r a n g e .
2 . S . E q u iv a le n t  D iam eter  " d^ "
An a v era g e  v a l u e  o f  t h e  e q u i v a l e n t  d ia m e t e r ,  dj^, o f  a 
s p h e r e  t h a t  h a s  th e  same s u r f a c e  a r e a  was o b t a in e d  f o r  each  
m a t e r ia l  s i z e  from th e  f o l l o w i n g  two m ethods:
a) U s in g  an a v e r a g e  v a l u e ,  S^, f o r  t h e  s u r f a c e  
a r e a  o f  each m a t e r i a l  th e n ,
S A = T T d A ^  ( 2 . 5 . 1 )
o r
dA = v/ sa/TT ( 2 * 5 .2 )
b) R e f e r r in g  to  t h e  e q u a t io n s  f o r  <=<g and Sq t h e n ,
s
 è   X da ( 2 . 5 . 3 )
volume
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where t h e  volume -  JZL. x  (d%)
6
Thu s ,
dA :  a n i / jE jC  ( 2 . 5 . 4 )
Mg was s u b s t i t u t e d  f o r  dj, i n  t h i s  e q u a t i o n .
Both m ethods g a v e  a p p r o x im a te ly  t h e  same v a l u e  o f  d^  f o r  
e a c h  m a t e r i a l .
I t  i s  c l e a r  from e q u a t io n  ( 2 . 5 . 4 )  t h a t  d^ \ = d% = d in
e a s e  o f  s p h e r e s .
2 . 6 .  P o r o s i t y
A v e r y  s e n s i t i v e  p r o p e r t y  i n  t h i s  ty p e  o f  s tu d y  i s  th e
p o r o s i t q ' i  T h e r e  a r e  two h i n t s  n f  p n r o s i t y  a l l y  c o n n e c t e d  
w i t h  t h e  p r o b le m  o f  f l o w  i n  p o ro u s  m ed ia , nam ely t h e  d r a l n a b l e  
and d r y  p o r o s i t i e s .
The d r a in a b le  or  wet p o r o s i t y ,  S ,  i s  d e f i n e d  a s ,
volume o f  w a ter  a d d e d  to  a f r e s h l y  d r a in e d  sample
t o t a l  ( b u l k )  volume
The d r y  p o r o s i t y  m easurement sh o u ld  be perform ed  when t h e  
sample i s  c o m p le te ly  d r y .  The dry p o r o s i t y ,  m, i s  th e n  g i v e n  
b y ,
volume o f  v o i d s  i n  t h e  d r y  sample
t o t a l  volume o f  th e  sample
O n ly  th e  dry p o r o s i t y  w i l l  be  c o n s id e r e d  a s  i t  i s  more  w id e ly
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u se d  i n  th e  e q u a t io n s  o f  s t e a d y  f lo w  th rou gh  p o ro u s  m ed ia .
In  o r d e r  to  g e t  an e s t im a t e  o f  t h e  ap p rox im ate  d ry  p o r o s i t y  
o f  each m a t e r ia l  when p la c e d  w i t h o u t  co m p a c tio n ,  and a l s o  an 
i d e a  about th e  w a l l  e f f e c t ,  t h r e e  c y l i n d r i c a l  c o n t a in e r s  o f  
d i f f e r e n t  vo lum es were u s e d .  The p r o c e d u r e  c a r r i e d  o u t  i n  
each  c a s e  i s  summarized i n  t h e  f o l l o w i n g  s t e p s :
1 ,  The c o n t a in e r  was c l e a n e d ,  d r i e d ,  and w eigh ed  
empty,
2, The c o n t a in e r  was c o m p le t e ly  f i l l e d  w ith  w a ter  
and w eighed  a g a in *  The w e ig h t  o f  w ater  was 
c o n v e r te d  to  g i v e  volum e o f  t h e  c o n t a in e r ,
. 3 .  The c o n t a in e r  was e m p tie d ,  d r i e d ,  and f i l l e d
w ith  t h e  ro ck  sam ple w hich was l e v e l l e d  w ith  
t h e  upper edge o f  t h e  c y l i n d e r .  The ro ck  and 
c o n t a in e r  were w e ig h e d .  The w e ig h t  o f  th e  
ro ck  was th e n  o b ta in e d *
4 .  The v o i d s  o f  t h e  sam ple were f i l l e d  w ith  w a te r .  
The c o n t a in e r ,  t h e  m a t e r ia l  and w ater  were  
w eig h ed . The w e ig h t  o f  t h e  w a ter  to  f i l l  th e  
p o r e s  was c a l c u l a t e d  and h e n c e ,  t h e  volum e o f  
v o i d s  was d ed u ced ,
5, E q u ation  ( 2 * 6 ,2 )  was u se d  t o  d e te r m in e  t h e  dry  
p o r o s i t y  f o r  each sam ple .
Table 2 .5  shows th e  r e s u l t s  o b t a in e d  from th e  t h r e e  con­
t a i n e r s  f o r  each o f  th e  fo u r  m a t e r i a l s .  H owever, i t  sh o u ld  be
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em phasized  h e r e  t h a t  t h e  d ry  p o r o s i t i e s  o b t a in e d  from t h e s e  
c o n t a in e r s  were n o t  u se d  i n  t h e  f lo w  e q u a t io n s .  As i n d i c a t e d  
b e f o r e ,  t h e  s e n s i t i v i t y  o f  t h i s  term  r e q u ir e d  a p o r o s i t y  measur­
em ent f o r  each m a t e r i a l ,  to  be p er fo rm ed  i n  b o th  th e  p a r a l l e l  
and c o n v e r g in g  perraearaeters, b e f o r e  s t a r t i n g  any run . The 
p r o c e d u r e  i s  e x p la in e d  i n  c h a p te r  4 .
T a b le  2*6 sum m arizes t h e  a v e r a g e  v a l u e s  o f  a l l  t h e  p r o p e r ­
t i e s  d i s c u s s e d  i n  t h i s  c h a p t e r .
The s tu d y  o f  t h e  f a l l  v e l o c i t y  i s  e x p la in e d  s e p a r a t e l y  i n  
t h e  n e x t  c h a p te r *
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CHAPTER I I I  
THE PALL VELOCITY
8 . 1 .  I n t r o d u c t io n
The f a l l  v e l o c i t y  o f  a p a r t i c l e  i s  d e f in e d  a s  t h e  r a t e  
a t  which t h i s  p a r t i c l e  f a l l s  th ro u g h  a f l u i d  when f o r c e s  o f  
g r a v i t y ,  bouyancy and drag  a r e  i n  e q u i l ib r iu m .
The f a l l  v e l o c i t y  i s  an im p o r ta n t  c h a r a c t e r i s t i c ,  e s p e c ­
i a l l y  i n  sed im en t t r a n s p o r t  s t u d i e s .  The r e l a t i v e  m o tio n  b e t ­
ween sed im en t p a r t i c l e s  and t h e  su r r o u n d in g  f l u i d ,  u n d er  v a r i ­
o u s  c o n d i t i o n s  o f  e n tr a in m e n t ,  t r a n s p o r t a t i o n ,  and d e p o s i t i o n  
( 5 ) ,  ap p ears  t o  depend on t h e  same f a c t o r s  a s  t h e  v e l o c i t y  a t  
which th e  p a r t i c l e s  would f a l l  th ro u g h  th e  f l u i d  u n d er  t h e i r  
own w e ig h t*  '
Many f a c t o r s  c o n t r o l  t h e  t e r m in a l  f a l l  v e l o c i t y  o f  any  
b od y , among which are  th e  s i z e ,  s h a p e ,  and d e n s i t y  o f  t h e  body  
a s  w e l l  a s  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  f l u i d .
The main r e a s o n  f o r  c o n d u c t in g  f a l l  v e l o c i t y  t e s t s  in  
t h i s  p orou s  m edia s tu d y  was an a t te m p t  to  r e l a t e  t h e  c o e f f i c ­
i e n t  o f  d r a g ,  Çd ,  t o  t h e  shape f  a c t o r  c<g. A nother r e a s o n  was 
to  u t i l i z e  t h e  f a l l  v e l o c i t y  a s  a d e f i n i n g  p r o p e r t y  o f  th e  
p a r t i c l e s  o f  t h e  p orou s  m ed ia .
3 . 2 .  E x p er im en ta l Equipment and P r o ced u re
A 1 2 1 ,4 4  cm h ig h  r e c t a n g u la r  tan k  w ith  a c r o s s - s e c t i o n a l
13
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area; o f  2 1 1 6 .0  cm^ was u se d  a s  t h e  t e s t  column ( s e e  f i g u r e  3 .1 )
The tan k  was made o f  3 /4 "  p lyw ood w ith  a p l e x i g l a s s  f r o n t  
f o r  o b se r v in g  th e  f a l l i n g  p a r t i c l e s .
In  o rd er  to  d e te r m in e  th e  f a l l  v e l o c i t y  o f  t h e  p a r t i c l e s  
o f  each  m a t e r i a l ,  t h e  f o l l o w i n g  p ro c e d u r e  was c a r r i e d  o u t:
1 .  Samples o f  40 t o  100 p a r t i c l e s  w ere t e s t e d  f o r  
each m a t e r i a l .
2. Two l e v e l s  were marked on t h e  p l e x i g l a s s  f a c e  
o f  t h e  column ( s e e  f i g u r e s  3*1 and 3*2) i n d i c a ­
t i n g  a 9 1 .4 4  cm a c t u a l  f a l l  h e i g h t .  The upper  
mark was l o c a t e d  a t  20.0  cm below  t h e  to p  o f  
the. tan lt  so t h a t  t h e  p a r t i c l e s  would reach  
t h e i r  t e r m in a l  v e l o c i t y  i n  w ater  b e f o r e  t h e  
s t a r t  o f  t h e  t im e  measurement*
The lo w e r  l e v e l  was marked 1 0 .0  cm above t h e  
bottom  o f  th e  tanlc to  a l lo w  f o r  th e  accum ula­
t i o n  o f  t h e  p a r t i c l e s  i n  t h i s  zon e .
3 .  The ta n k  was c o m p le te ly  f i l l e d  w ith  w a te r .
4 .  P a r t i c l e s  o f  each  sample were dropped one by  
one i n  th e  w a ter  a lo n g  th e  c e n tr e  l i n e  o f  t h e  
f a l l  column. No d e v i a t i o n  from t h a t  c e n t r e  
l i n e  was o b se r v e d  i n  any o f  th e  i n d i v i d u a l  
p a r t i c l e  t e s t s .  A c c o r d in g ly ,  no c o r r e c t i o n  
f o r  th e  f a l l  p a th  ( 6 ) was needed  i n  any ca se *
5 . A s to p  watch was u sed  to  m easure th e  t im e  o f
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f a l l  b etw een  t h e  u pper  and lo w e r  marks.
6 . The te m p e r a tu r e  was r e c o r d e d  i n  each  c a s e  i n  
o r d e r  t o  d e te r m in e  t h e  v i s c o s i t y  o f  w a ter  f o r  
t h e  d i f f e r e n t  r u n s .
An a v e r a g e  f a l l  v e l o c i t y  b a s e d  on t h e  v a l u e s  o b t a in e d  f o r  
t h e  t e s t e d  sam ple p a r t i c l e s  was c o n s id e r e d  to  b e  r e p r e s e n t a t i v e  
o f  th e  f a l l  v e l o c i t y  o f  th e  c o r r e s p o n d in g  m a t e r i a l s .
F ig u r e  3 . 2  shows a p h o to g r a p h  o f  t h e  t e s t  equipm ent w ith  
a f a l l i n g  p a r t i c l e .
Three d i f f e r e n t  s i z e s  o f  m a r b le s  o f  2 . 5 5  s p e c i f i c  g r a v i t y  
w ere a l s o  t e s t e d  i n  o r d e r  to  f u r n i s h  a  b a s i s  f o r  com paring t h e  
f a l l  v e l o c i t i e s  and drag  c o e f f i c i e n t s  o f  s p h e r e s  and a n g u la r  
m a t e r i a l s .
3 . 3 ,  R e s u l t s
T a b le s  3 ,1  t o  3 . 4  show th e  f a l l  v e l o c i t y  v a l u e s  f o r  a l l  
th e  p a r t i c l e s  o f  each  sa m p le ,  a lo n g  w ith  t h e  a v e r a g e  f a l l  
v e l o c i t y  c o n s id e r e d  f o r  each m a t e r i a l .  Slaown, a ls o ,  a r e  th e  
s ta n d a r d  e r r o r s  and t h e  s ta n d a rd  e r r o r s  o f  t h e  mean i n  comput­
i n g  t h e s e  a v e r a g e  v a l u e s .
T ab le  3 ,5  show t h e  number o f  t e s t s  c o n d u c te d  f o r  each  
m arble s i z e  and t h e  a v era g e  f a l l  v e l o c i t y  o f  t h a t  s i z e .
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3 . 4 .  E v a l u a t i o n  o f  t h e  R e s u l t s
3 . 4 . 1 .  The Cd -  %  R e l a t i o n s h i p
A p a r t i c l e  moving t h r o u g h  a  f l u i d  i s  a c t e d  upon  by 
a  f o r c e  c a l l e d  t h e  d r a g  f o r c e .  T h i s  f o r c e  i s  a  f u n c t i o n  
o f  t h e  r e l a t i v e  v e l o c i t y  b e t w e e n  t h e  p a r t i c l e  and t h e  
f l u i d  and th e  p h y s i c a l  p r o p e r t i e s  o f  t h e  f l u i d .  T h e re  
a r e  two t y p e s  o f  d r a g  ( 7 ) ;  t h e  p r e s s u r e  d r a g ,  i . e  t h e  
n o rm a l  component o f  r e s i s t a n c e  to  p a r t i c l e  m o tio n , and 
t h e  s h e a r  d r a g  which i s  t h e  t a n g e n t i a l  component o f  t h e  
r e s i s t a n c e .  The t o t a l  d r a g  e x e r t e d  by  a  f l u i d  on a  
p a r t i c l e  i s  t h e n  t h e  r e s u l t a n t  o f  t h e s e  two com ponents.
T h e r e f o r e ,  t h e  t o t a l  d r a g  f o r c e ,  Fp,  i s  g i v e n  b y ,
Fb = CD'Zr. A . J j L  ( 8 . 1 )
 ^ 2g
w here
Cp : D i m e n s i o n l e s s  drag  c o e f f i c i e n t
Yç = S p e c i f i c  w e ig h t  o f  t h e  f l u i d
A = C r o s s - s e c t i o n a l  a r e a  o f  t h e  p a r t i c l e
no rm a l  to  th e  d i r e c t i o n  o f  f a l l  and 
?
- , IT  Ô. ne q u a l  t o
4
Vf ; F a l l  v e l o c i t y  
g = G r a v i t y  a c c e l e r a t i o n
Also a t  t h e  t e r m i n a l  v e l o c i t y ,  i n  c a s e  o f  w a t e r ,
Pb = J Z -  ' (G -  1) 2<. da ( 3 . 2 )a r
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E q u atin g  e q u a t io n s  ( 3 . 1 )  and (3 * 2 )  t h e n ,
h  =  4-  an ( 3 .3 )
f
The R eyn o ld s  number, R^, i s  u s u a l l y  ta k e n  a s ,
Rjj = ( 3 .4 )
w here y i s  t h e  k in e m a t ic  v i s c o s i t y  o f  t h e  f l u i d .
A lg er  and Simons ( 6 ) i n d i c a t e d  t h a t  a lth o u g h  d^ h a s  
b een  c u s to m a r i ly  u se d  i n  th e  e x p r e s s i o n  o f  Rj^ j, i t  m igh t  
be more r e a s o n a b le  to  assume t h a t  dj  ^ would be a  b e t t e r  
c h a r a c t e r i s t i c  l e n g t h  f o r  p a r t i c l e  d e s c r i p t i o n .  They 
j u s t i f i e d  t h e i r  a ssu m p tion  by  an example o f  a sph ere  made 
o f  p u t t y  w ith  a d ia m e te r  d =  d% = d^. M oulding t h e  p u t t y  
i n t o  v a r io u s  o th e r  s h a p e s ,  djj w i l l  s t a y  t h e  same w h i le  
dj  ^ w i l l  ta lte  on d i f f e r e n t  v a lu e s  a c c o r d in g  to  t h e  c o r r e s ­
pon d in g  fo rm s . H ence, i t  was s u g g e s t e d  t h a t  th e  R ey n o ld s  
number be ta k e n  a s ,
4  =  A A  ( 3 .5 )
The same argument was e x te n d e d  to  i n c l u d e  th e  c r o s s -  
s e c t i o n a l  a r e a  i n  th e  e x p r e s s io n  o f  From th e  exam ple
o f  p u t t y ,  i t  i s  c l e a r  t h a t  d^ i s  n o t  n e c e s s a r i l y  a fu n c ­
t i o n  o f  such an area  f o r  i r r e g u l a r  s h a p e s .  A c c o r d in g ly ,
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t h e  f o l l o w i n g  m o d i f i c a t i o n  o f  t h e  Cjj e x p r e s s io n  was
2
d e r iv e d  u s i n g  a c r o s s - s e c t i o n a l  a r e a  A* = H  dj^
4
4  =  - f  —  ( 3 . 3 )
3 &A V |
F ig u re  3 .3  shows t h e  r e l a t i o n s h i p  b e tw een  Cjj g iv e n  
b y  e q u a t io n  ( 3 , 3 )  and computed b y  e q u a t io n  (3 * 4 )  f o r  
t h e  m a t e r i a l s  u s e d .
E q u a tio n s  ( 3 . 5 )  and (3 * 6 )  were u se d  to  e s t a b l i s h  
a n o th e r  R  ^ — r e l a t i o n s h i p  f o r  t h e  same m a t e r i a l s ,  and 
t h e  cu rve  i s  a l s o  p l o t t e d  i n  f i g u r e  3 i 3 .
The w r i t e r  f u r t h e r  assum ed t h a t  t h e  d i m e n s io n le s s
term  (fs ,)  o f  t h e  C l e x p r e s s i o n  c o u ld  be r e g a r d e d  as  a 
^A ^
shape f a c t o r .  H en ce ,  b y  t r i a l  and e r r o r  i t  was found  
t h a t  t h i s  term , r a i s e d  t o  t h e  power 3 . 5 ,  would make t h e  
Cp " ^  r e l a t i o n s h i p  f o r  t h e  t h r e e  s i z e s  o f  cr u sh e d  r o c k ,  
q u a r tz ,  and m arb les  p l o t  on on e  smooth c u r v e .  Thus,
c " =  ( _ £ n . ) 3 . 5  3 n (S  -  f )  f _  ( 3 . 7 )
“  3  y |
The cu rve  o f  C^ ' computed by t h e  above fo rm u la  and 
c a l c u l a t e d  by e q u a t io n  ( 3 , 5 )  i s  shown i n  f i g u r e  3 .4 .
F ig u re  3 .3  shows t h e  p l o t  o f  Cg v s  R^ f o r  m a rb les  
compared w ith  a s i m i l a r  p l o t  g i v e n  by Rouse ( 5 ) ,  Both  
p l o t s  seem to  be i n  good a g reem en t.
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The f a l l  v e l o c i t i e s  f o r  th e  d i f f e r e n t  m a t e r i a l s  used  
a r e  p l o t t e d  a g a in s t  d^ i n  f i g u r e  3 , 5 .  \lhen  th e  p l o t  o f  
m a rb les  was e x t r a p o la t e d  t o  a 1 , 0  cm d ia m e te r  s p h e r e  and 
l e s s ,  i t  ga v e  a p p r o x im a te ly  t h e  same f a l l  v e l o c i t i e s  as  
o b ta in e d  from a s i m i l a r  p l o t  g iv e n  by  Rouse ( 5 ) ,
3 . 4 . 2 .  The P roposed  E m u ir ic a l  F a l l  V e l o c i t v  Formula
From t h e  drag e q u a t io n s ,  and w ith  t h e  a id  o f  th e  
e x p e r im e n ta l  o b s e r v a t i o n s ,  i t  was assumed t h a t :
T  ,= < - ( . '? . . r _ G i-  . J 5 _  ( 3 . 8 )
^ y
or
A t r i a l  and e r r o r  method was u se d  t o  e s t a b l i s h  th e  •
v a l u e s  o f  th e  c o n s ta n t  C, and t h e  e x p o n e n ts  e and P .
For th e  t e s t e d  m a t e r i a l s ,  i t  was found t h a t  e = 0 . 7 5  and
P r  0 . 2 5 .  I t  f o l l o w s  t h a t  C w i l l  have t h e  d im e n s io n s  o f  
t 2 .7 5
— p..y,—  and i t s  v a lu e  was found t o  b e  eq u a l to  2 .0 5 .
Thus,
T .  =  2 .0 5  (G -  1 )»  _ ( 3 .1 0 )
y  ^ ^ 0 .7 5
Tlie f a l l  v e l o c i t i e s ,  computed by th e  above d e r iv e d
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fo rm u la  i n  m e tr ic  u n i t s ,  f o r  th e  t e s t e d  m a t e r i a l s ,  are‘ j, /
shown i n  t a b l e  3 , 6 ,  The c o r r e sp o n d in g  e x p e r im e n ta l  v a lu e s  
a re  a l s o  t a b u la t e d  a lo n g  w ith  t h e  p e r c e n t a g e  d i f f e r e n c e  
e r r o r .
F ig u r e  3 ,6  shows th e  c o r r e l a t i o n  b etw een  t h e  o b se r v e d  
and th e  c a l c u l a t e d  f a l l  v e l o c i t y  v a l u e s .  I t  a p p ea rs  from 
b o th  t h e  t a b l e  and t h e  p l o t  t h a t  t h e  c a l c u l a t e d  and o b se r v ­
ed v a l u e s  a re  c o n s i s t e n t .
3 . 4 . 3  The: QD“ ^ s R e la t io n s h ip
A r e l a t i o n  b etw een  t h e  shape f a c t o r , a n d  t h e  drag  
c o e f f i c i e n t ,  C-q, i s  p l o t t e d  i n  f i g u r e  3 . 7 .
The. shape f a c t o r  c o n s id e r e d  f o r  t h e  t h r e e  s i z e s  o f  
cru sh ed  ro ck  was c a l c u l a t e d  as  an a v era g e  o f  t h e  a v e r a g e s  
o f o f  t h e s e  t h r e e  s i z e s .
In  o r d e r  t o  p l o t  v s  o<g, t h e  range  o f  R eyn old s
number had t o  be e x te n d e d  beyond t h e  t e s t e d  range  f o r  
q u a r tz  and m arb les  ( s e e  f i g u r e  3 . 3 ) .  To a c h ie v e  t h i s ,  
e q u a t io n  ( 3 ,1 0 )  was u t i l i z e d  to  compute th e  f a l l  v e l o c i ­
t i e s  f o r  o th e r  s i z e s  o f  q u a rtz  and m arb les  w ith  t h e  same 
s p e c i f i c  g r a v i t y  and shape f a c t o r  as  t h o s e  t e s t e d  e x p e r i ­
m e n t a l ly .
The Cg — c u r v e s  shown i n  f ig u r e  3 .7  a re  p l o t t e d
f o r  cru sh ed  r o c k ,  q u a r tz ,  and m arb les  i n  th e  ran ge  o f  R]^  
b etw een  6000 and %) ,0 0 0 .  The v a lu e  o f  shows an
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i n c r e a s i n g  tren d  a s  c<g i n c r e a s e s ,  b u t  i t  a p p e a r s  from  
t h e  p l o t  t h a t  th e  r a t e  o f  i n c r e a s e  i n  Cg d e c r e a s e s  as  
Rjj i n c r e a s e s .
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CHAPTER IV
TEST EQUIPAIENT AND EXPERIMENTAL PROCEDURES 
FOR RADIAL AND PARALLEL FLOW
4',1 . L a b o r a to r y  F a c i l i t i e s
For t e s t i n g  th e  f lo w  th rou gh  th e  p orou s  m ed ia ,  t h e  f o l l o w ­
in g  f a c i l i t i e s  were a v a i l a b l e ;
1 .  A c e n t r i f u g a l  pump, h a v in g  maximum and minimum 
sp e e d s  o f  1700 R.P.M, and 1200 R.P.M, r e s p e c t i ­
v e l y ,  o p e r a te d  a g a i n s t  a maximum head o f  9 2 . 0 f t ,  
When t h e  pump i s  s t a r t e d ,  w ater  i s  d e l i v e r e d  to
a head ta n k  f i r s t  and th e n  t o  t h e  t e s t  equipm ent.
2 . A v e n t u r i - m e t e r  c o n n e c te d  t o  a f lo w —m eter  
(manometer) c a l i b r a t e d  i n  U .S .G .P .M . f o r  f lo w  
m easurem ent. The f lo w -m e te r  can be read  
w it h in  an a c c u r a c y  o f  1 . 0  U .S .G .P .M . and r e a d s  
a  maximum d i s c h a r g e  o f  2 5 0 .0  U .S .G .P .M .
3 . A p ie z o m e te r  ra ck  ( f i g u r e  4 .1 )  w ith  l / l O  in c h  
d i v i s i o n s  f o r  m easu rin g  p r e s s u r e s .  A ce n t im e ­
t e r  s c a l e  h a s  b een  added to  th e  p ie z o m e te r  
board to  rea d  i n  e . g .  s .  u n i t s  to  th e  a c c u r a c y  
o f  1 .0  mm. The board c o n s i s t s  o f  22 v e r t i c a l
3 .0  ram d ia m e te r  g l a s s  t u b e s .  S h ort ru b b er  
tu b e s  a re  f i t t e d  i n t o  t h e  lo w e r  ends o f  t h e
22
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v e r t i c a l  p ie z o m e te r s .
4 .  A 6 " d ia m e te r  i n l e t  v a l v e  and a 4" d ia m e te r  
o u t l e t  v a l v e ,
5 .  A therm om eter .
4 . 2 .  P a r a l l e l  F low  T e s t
4 * 2 .1 .  The P a r r a l l e l  Flow Permeam eter
F ig u r e  4 . 2  shows th e  d e t a i l s  o f  t h e  perm eam eter used  
i n  t e s t i n g  th e  p a r a l l e l  f lo w .  The perm eam eter i s  made 
o f  1 2  gauge s t e e l  and has t h e  f o l l o w i n g  f e a t u r e s ;
1 .  A main v e r t i c a l  column 9 4 .0  cm h ig h  w ith  a ' ’
2c r o s s  s e c t i o n a l  a r e a  o f  8 9 0 .0  cm i n  which  
t h e  t e s t  sam ples  were p la c e d .  Two sy m m etr ica l  
s e t s  o f  p ie z o m e te r  s i z e  h o l e s  are d r i l l e d  a t  
th e  f r o n t  and r e a r  s i d e s  o f  t h e  colum n, and 
s h o r t  copper tu b e s  a r e  em erging from t h e s e  
h o l e s  to  p r o v id e  t h e  means o f  c o n n e c t io n  w ith  
t h e  p ie z o m e te r  t u b e s ,  . The column has a s t e e l  
s c r e e n  w elded a t  i t s  v e r y  b ottom  i n  o r d e r  to  
r e t a i n  t h e  p la c e d  m a te r ia l  and p e r m it  f lo w .
2. Two u p p er  s e c t i o n s  w ith  th e  sho?m d im e n s io n s .  
The to p  one h as  a p l e x i g l a s s  f r o n t  t o  o b se r v e  
t h e  w a ter  l e v e l .  The c h a n g in g ,  ( c o n t r a c t i n g )  
c r o s s - s e c t i o n  was in te n d e d  to  d i s s i p a t e  th e
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t u r b u le n c e  o f  t h e  i n f l o w ,  w hich m ight h ave  
r e s u l t e d  i n  e n t r a i n i n g  a i r  b u b b le s  i n  th e  
p o r e s ,  w hich  c o u ld  h a v e  i n t e r f e r e d  w ith  
t h e  f lo w  and r e s u l t e d  i n  f a l s e  p ie z o m e te r  
r e a d i n g s .
The su p p ly  system  was composed o f  a  4" p l a s t i c  
h o s e  c o n n e c te d  to  t h e  6 " i n l e t  v a l v e  p ip e  by  
a c o n t r a c t i n g  s t e e l  t r a n s i t i o n .  The f r e e  end 
o f  t h e  h o s e  was h e l d  i n  a 4" h o l e  i n  a  r e c t a n ­
g u la r  p i e c e  o f  p ly w o o d , w hich  was clamped to  
t h e  s i d e s  o f  th e  to p  s e c t i o n  o f  t h e  perm eam eter,
3 .  A bottom  s to r a g e  box i n t o  w hich  t h e  4" d ia m e te r  
o u t l e t  v a l v e  was f i t t e d .  The o u t l e t  v a l v e  d i s ­
ch a rg ed  d i r e c t l y  i n t o  th e  l a b o r a t o r y  sump.
F ig u r e s  4 . 3  and 4 . 4  show p h o to g r a p h s  o f  th e  a p p a ra tu s  
from two d i f f e r e n t  v i e w s .
4 . 2 . 2 .  E x p er im en ta l  P ro ced u re
Samples from t h e  fo u r  p o r o u s  m edia w ere t e s t e d  i n  th e  
p a r a l l e l  f lo w  perm eam eter f o r  d i f f e r e n t  d i s c h a r g e s .  The 
p r o ced u re  f o l l o w e d  was th e  same f o r  each sam p le .
The f o l l o w i n g  s t e p s  i l l u s t r a t e  th e  p ro c e d u r e ;
1 ,  The sam ple was p la c e d  i n  t h e  perm eam eter  
w ith o u t  co m p a c tio n .  The t e s t  column was
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f i l l e d  to  about 7 2 ,0  cm above t h e  r e t a i n i n g  
s c r e e n  and th e  sam ple was c o v e r e d  by a 1 ,5 "  
t h i c k  f i b r e  f i l t e r ,  to p p ed  by  a s t e e l  mesh,
2 , The p ie z o m e t e r s  were c o n n e c te d  to  th e  permearae— 
t e r ,  t h e  f lo w -m e te r  was z e r o e d ,  and t h e  pump 
was s t a r t e d  to  d e l i v e r  w a ter  t o  t h e  m odel,
3* The p ie z o m e te r  t u b e s  were d r a in e d  t o  en sure  
t h a t  t h e r e  were no a i r  b u b b le s  in  them and 
th e n  th e y  were t i g h t l y  c o n n e c te d  to  t h e  v e r t i ­
c a l  g l a s s  tu b e s  on t h e  p ie z o m e te r  b oard ,
4 .  The d i s c h a r g e  was th e n  s e t  a t  a c e r t a i n  v a lu e  
by means o f  th e  i n l e t  v a l v e .
5 . The o u t l e t  v a l v e  ( s e e  f i g u r e  4 .3 )  was u se d  to  
a d j u s t  t h e  o u t f lo w  i n  o r d e r  t o  a t t a i n  a  s a t i s ­
f a c t o r y  w a ter  l e v e l  i n  t h e  perm eam eter. About
1 0 . 0  m in u te s  w ere  r e q u ir e d  f o r  th e  w a ter  l e v e l s  
to  come to  e q u i l ib r iu m  f o r  t h e  h ig h  d i s c h a r g e s  
(ab o v e  100*0 U .S .G .P .M ,) ,  and about h a l f  an 
hour f o r  l e s s e r  d i s c h a r g e s .  H aving a c h ie v e d  
t h e  s te a d y  s t a t e  c o n d i t i o n s ,  t h e  p ie z o m e te r  
r e a d in g s  were r e c o r d e d  from b o th  s e t s  and th e  
a v era g e  v a lu e  o f  e v e r y  two c o r r e s p o n d in g  p i e z o ­
m eters  was c o n s id e r e d .
6 . The above s t e p s  were r e p e a te d  f o r  a number o f  
d i s c h a r g e s .
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7 .  The tem p era tu re  was r e c o r d e d  f o r  each run .
4 . 2 . 3 .  R e s u l t s
T a b les  4 .1  to  4*4 show t h e  r e s u l t i n g  d a ta  from th e  
p a r a l l e l  f lo w  t e s t s  f o r  t h e  fo u r  p o r o u s  m edia .
In  o r d e r  t o  i l l u s t r a t e  t h e  s c a t t e r  i n  t h e  e x p e r i ­
m ental d a t a ,  t h e  p i e z o m e t r i c  h ea d , cj3 , was p l o t t e d  v e r s u s  
t h e  p ie z o m e te r  l o c a t i o n ,  L (m easured  from t h e  r e t a i n i n g  
s c r e e n ) , f o r  some t y p i c a l  t e s t s .  These c u r v e s  a r e  shown 
i n  f i g u r e s  4 . 5  to  4 . 8 .
4 . 2 . 4 .  Dry P o r o s i t y  Measurement
4 . 2 . 4 . 1 .  E x p er im en ta l P roced u re
The p o r o s i t y  was measured f o r  each  m a te r ia l  
b e f o r e  th e  f lo w  t e s t s  were s t a r t e d ,  t o  en su re  com­
p l e t e  d r y n e s s  o f  t h e  r o c k .
The p ro ced u re  i s  o u t l i n e d  below ;
1 .  A l l  t h e  p ie z o m e t r i c  t a p s  were com plet­
e l y  s e a l e d  e x c e p t  t h e  lo w er  f r o n t  one  
which was c o n n e c te d  to  a p l a s t i c  tu be  
as shown i n  f i g u r e  4 . 9 .  The p l a s t i c  
tu be  a c te d  as a p ie z o m e te r  to  i n d i c a t e  
th e  w a ter  l e v e l  i n s i d e  th e  t e s t  column.
2. The o u t l e t  v a l v e  was c l o s e d  and th e  
t e s t  column was s lo w ly  f i l l e d  w ith
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w a t e r ,  u n t i l  t h e  w a te r  l e v e l  r e a c h e d  
t h e  lo w e r  p ie z o m e te r  h o l e .
3 .  The r o c k  was th e n  p la c e d  i n  t h e  perm ea— 
m eter  a s  d e s c r i b e d  i n  t h e  f i r s t  s t e p
o f  t h e  e x p e r im e n ta l  p r o c e d u r e .
4 .  The t e s t  column was d iv id e d  i n t o  fo u r  
s e c t i o n s  a s  shown^ r o u g h ly  i n  f i g u r e  
4 . 1 0 .
5 .  A m easured w e ig h t  o f  w a ter  was p o u red  
from above and a s  c l o s e  to  one w a l l  
o f  t h e  t e s t  column as  p o s s i b l e ,  to  
p r e v e n t  t h e  upper  p o r e s  from r e t a i n i n g  
t h e  w ater*
6 . The w a ter  h e i g h t  c o r r e s p o n d in g  to  each  
s e c t i o n  a s  i n d i c a t e d  by th e  p ie z o m e te r  
and t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  
t e s t  column were u se d  to  c a l c u l a t e  t h e  
b u lk  volum e o f  t h e  m a te r ia l  i n  t h i s  
s e c t i o n .  The volum e o f  p o r e s  e x i s t i n g  
i n  t h i s  p a r t  was th e n  c a l c u l a t e d  u s in g  
t h e  known w e ig h t  o f  w ater  t h a t  was r e ­
q u ir e d  to f i l l  t h e  v o i d s ,
7 .  The d ry  p o r o s i t y  was d e term in ed  f o r  
each on e o f  t h e  f o u r  s e c t i o n s  by means 
o f  e q u a t io n  ( 2 , 6 . 2) .
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A d r y  p o r o s i t y  v a l u e ,  m,, , was c o n s i d e r e d  f o r  
each  p o ro u s  medium, b a s e d  on t h e  a v e r a g e  o f  t h e  
p o r o s i t i e s  m e a s u re d  f o r  t h e  fo u r  s e c t i o n s  i n  t h e  
p a r a l l e l  p erm eam eter ,
4 .  2 .. 4 .  2 , R e s u l t s
T a b l e s  4 , 5  to  4 , 8  show th e  r e s u l t s  o f  t h e  
p o r o s i t y  m e a s u r e m e n t s  p e r f o r m e d  i n  t h e  p a r a l l e l  
p e r m e a m e t e r  f o r  t h e  fo u r  porou s m ed ia .  A lso  shown 
are t h e  a v e r a g e  d r y  p o r o s i t i e s  a l o n g  w i t h  t h e  c o r ­
r e s p o n d i n g  s t a n d a r d  e r r o r s  o f  th e  means,
4 , 8 .  R ad i  a I  P i  o v  a f;
4 . 3 , 1 ,  The Co n v  e r_g i  n g FI o vf P e r  a: eame t  e r
F i g u r e  4 ,1 1  shows th e  d e t a i l s  o f  th e  perm eam eter  
d e s i g n e d  f o r  th e  p u rp o se  o f  t e s t i n g  r a d i a l  f lo w .
The d e v i c e  was made o f  12 g a u g e  s t e e l  w ith  a S /4  
p l e x i g l a s s  f r o n t .
I t  h a s  th e  f o l l o w i n g  f e a t u r e s :
1 ,  An i n c l u d e d  a n g l e  o f  c o n v e r g e n c e  e o u a l  to
45°
2. Maximum and minimum r a d i i  o f  c o n v erg en ce  o f  
1 29 . 0 c a n d  2 1 ,6  era r e s p e c t i v e l y »
3c A f i x e d ,  s t e e l ,  r e t a i n i n g  s c r e e n  ( a t  t h e  boi
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tom) w ith  a r a d iu s  o f  c u r v a tu r e  eq u a l to  
t h e  minimum r a d iu s  o f  c o n v e r g e n c e ,
4 .  A m ovab le ,  c u r v e d ,  upper s t e e l  s c r e e n  to  be  
p la c e d  on t h e  to p  o f  t h e  rock  sa m p le , to  
h e lp  i n  p r o d u c in g  r a d i a l  f lo w  e n t r y  to  t h e  
t e s t  sam p le .
5 .  A 9 0 .0  cm r a d iu s  cu rved  bottom  r o c k e r  to  b e  
u se d  i n  t i p p i n g  th e  perm eam eter to  empty 
t h e  m a t e r ia l  a f t e r  each  s e t  o f  r u n s ,  The 
t i p p i n g  p r o c e d u r e  i s  i l l u s t r a t e d  i n  f i g u r e  
4 . 1 2 .
A f t e r  d i s p o s i n g  o f  a l l  t h e  m a t e r i a l ,  th e  
d e v i c e  c o u ld  be tu r n e d  back to  i t s  v e r t i c a l  
p o s i t i o n .  F ig u r e  4 . 1 3  shows t h e  d i s p o s a l  o f  
t h e  1 .5 9  cm q u a r tz .
6 . The su p p ly  sy ste m  and th e  4" o u t l e t  v a lv e  
w hich  were u se d  i n  t h e  p a r a l l e l  f lo w  t e s t s .
7 .  A wooden b a f f l e  to  be p la c e d  d i r e c t l y  b e lo w  
t h e  i n l e t  h o s e  to  h e lp  d i s s i p a t e  and spread  
t h e  i n f l o w  j e t .
F ig u r e s  4 .1 4  and 4 .1 5  show p h o to g r a p h s  o f  t h e  4*36cm 
cru sh ed  rock  and th e  1 .5 9  cm q u a rtz  p la c e d  i n  th e  co n v e r ­
g in g  perm eam eter. F ig u r e  4 .1 6  shows a . s i d e  v ie w  o f  th e  
co n v e r g in g  perm eam eter.
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4 . 8 . 2 .  E xp er im en ta l P ro ced u re
The f lo w -h e a d  l o s s  e x p e r im e n ts  w ere c a r r i e d  o u t  in  
t h e  c o n v e r g in g  f lo w  perm eam eter f o l l o w i n g  a s i m i l a r  p ro­
ced u re  to  t h e  one d e s c r ib e d  f o r  t e s t i n g -  p a r a l l e l  f lo w .
For p r e s s u r e  m easu rem en ts , t e n  p ie z o m e t e r  t a p s  were  
i n s e r t e d  i n  th e  h o l e s  d r i l l e d  i n  th e  p l e x i g l a s s  f r o n t  as  
shown i n  f i g u r e s  4 , 1 4  and 4 . 1 5 .
The t e s t  sam ples  were p la c e d  w ith o u t  com p a ctio n  i n  
t h e  s e c t i o n  bounded by th e  two s t e e l  s c r e e n s  shown i n  
f i g u r e  4 .1 1 .
4 . 3 . 3 .  R e s u l t s
The r e s u l t s  o f  t h e  r a d i a l  f lo w  a re  l i s t e d  f o r  th e  
fo u r  p orou s  media i n  t a b l e s  4 .9  t o  4 . 1 2 .  F ig u r e s  4 .1 7  
to  4 .2 0  show th e  p l o t s  o f  t h e  p i e z o m e t r i c  h e a d , 4 3 , v e r s u s  
t h e  r a d iu s  o f  c o n v e r g e n c e ,  r ^ ,  f o r  t h e  v a r i o u s  m a t e r i a l s  
u s e d , f o r  some t y p i c a l  t e s t s .
4 . 3 . 4 .  Dry P o r o s i t y  Measurement
4 . 3 . 4 . 1 .  E x p er im en ta l  P r o c e d u r e
The f o l l o w i n g  p r o c e d u r e  was u se d  to  f i n d  t h e  
dry p o r o s i t y ,  m^, f o r  t h e  d i f f e r e n t  m a t e r i a l s  i n  
t h e  c o n v e r g in g  perm eam eter:
1 . Two l e v e l s  w ere marked on th e  p l e x i -
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g l a s s  f r o n t  a s  shown i n  f i g u r e  4 , 2 1 ,
T hese  two l e v e l s  bounded th e  p o r o s ity -  
t e s t  s e c t i o n .
2. A l l  t h e  p ie z o m e te r  h o l e s  were s e a le d  
w ith  t a p e .
3. B e f o r e  t h e  m a te r ia l  was p la c e d  i n  th e  
perm eam eter , th e  e x i t  v a l v e  was c l o s e d  
and t h e  s t o r a g e  sp a c e  was f i l l e d  w ith  
w a te r  up t o  t h e  lo w e r  l e v e l  o f  t h e  
p o r o s i t y  t e s t  s e c t i o n ,
4 .  The ro ck  was th e n  p la c e d  i n  t h e  permea— 
m e te r .  The volume o f  th e  t e s t  s e c t i o n  
was c a l c u l a t e d  from i t s  g eo m e tr y .
5. Water o f  known w e ig h t  was poured, a lo n g  
t h e  i n c l i n e d  s t e e l  p l a t e ,  u n t i l  i t  r e a c h ­
ed t h e  upper marked l e v e l .
6 . The volum e o f  w ater  to  f i l l  t h e  v o id s  
was computed and h e n c e ,  t h e  d ry  p o ro ­
s i t y  o f  t h e  sample was d ed u ced .
F ig u r e  4 , 2 2  shows t h e  1 .5 9  cm q u a r tz  sam ple d u r in g  
a p o r o s i t y  t e s t  i n  t h e  c o n v e r g in g  perm eam eter.
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4 .8 * 4 ,2 *  R e s u l t s
The d ry  p o r o s i t y  v a l u e s  measured in, t h e  c o n v erg ­
in g  perm eam eter a re  l i s t e d  f o r  th e  fo u r  p o ro u s  m edia  
i n  t a b l e  4 ,1 3  a lo n g  w ith  th e  s tan d ard  e r r o r s  o f  th e  
means*
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CHAPTER V
ANALYSIS OP RADIAL AND PARALLEL 
PLOW DATA
5 , 1 .  Plow Regimes In  P o ro u s  Media
The f lo w  r e g im e s  m en tion ed  i n  t h e  i n t r o d u c t i o n  may be  
i n t e r p r e t e d  as f o l l o w s ,  b a se d  on an a d a p ta t io n  o f  t h e  c l a s s i ­
f i c a t i o n s  in tr o d u c e d  by Ward ( 8 ) and Wright ( 2 ) :
1 .  " The D arcy or  Laminar Regime ” , i n  which  
v i s c o u s  f o r c e s  p r e d o m in a te  and i n e r t i a l  
e f f e c t s  a r e  n e g l i g i b l e .  In  t h i s  reg im e t h e  
s t r e a m l in e s  i n  th e  p o r e s  a r e  s t a b l e  and th e  
head l o s s  i s  d i r e c t l y  p r o p o r t io n a l  t o  t h e  
f i r s t  power o f  th e  v e l o c i t y .
2. " The N o n -L in e a r  or  S tea d y  I n e r t i a l  Regime ”, 
i . e .  v i s c o u s  and i n e r t i a l  term s i n f l u e n c e  t h e  
f lo w  which s t i l l  f o l l o w s  s t a b l e  s t r e a m l i n e s  
i n  t h e  p o r e s .  The head  l o s s  c e a s e s  t o  v a r y  
l i n e a r l y  w ith  th e  v e l o c i t y .
3 .  ” The T u rb u len t  T r a n s i t i o n a l  Regime ", i n  which  
some o f  t h e  s t r e a m l i n e s  i n  th e  p o r e s  become 
u n s t a b le  and i n e r t i a l  a c t i o n s  p red o m in a te  w ith  
t h e  v i s c o u s  e f f e c t s  s t i l l  f a i n t l y  e x i s t i n g .
The head l o s s  ap p ro a ch es  d ep en d en ce  on th e
33
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sq u are  o f  t h e  v e l o c i t y ,
4 .  " The F u l l y  T u rb u len t  Regime ”, where th e  v i s c o u s  
e f f e c t s  p r a c t i c a l l y  d is a p p e a r  and o n ly  t h e  i n e r ­
t i a l  a c t i o n s  g o v ern  t h e  f lo w .  A lm ost no s t a b l e  
s t r e a m l in e s  e x i s t  i n  t h e  p o r e s  any m ore, and 
t h e  head l o s s  may be assumed to  v a r y  w ith  t h e  
sq u are  o f  t h e  v e l o c i t y .
Wright ( 2 ) ,  from t h e  t u r b u le n c e  measurement h e  made u s in g  
a h o t  w ire  anem ometer, p r o p o se d  t h a t  t h e  R eynolds num bers^tabu— 
l a t e d  below, m igh t be r e g a r d e d  as  l i m i t a t i o n s  b e tw een  t h e  f l o w  
re g im e s  d i s c u s s e d  above .
Table 5 ,1 :  W r ig h t 's  L i m i t a t i o n s  o f  t h e  Plow Regim es
Plow Regime
-------------!---f----------------------------------
n -  0 . 6  T Mg
w rlg lit  V ( 1  -  m)
Laminar
1 - 5
Stead y  I n e r t i a l
9 0 - 1 2 0
T u rb u len t T r a n s i t i o n
800
F u l ly  T u rb u len t
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I t  i s  e v id e n t  from t h e  p r e v io u s  d i s c u s s i o n  t h a t  D a r c y 's  
Law i s  n o t  u n i v e r s a l  f o r  a l l  f lo w  r e g im e s  i . e . ^ f o r  l a r g e  v e ­
l o c i t i e s ,  i t  no lo n g e r  d e s c r i b e s  t h e  r e l a t i o n s h i p  betw een  
h y d r a u l ic  g r a d ie n t  and v e l o c i t y .
Many e f f o r t s  have b een  made to  e s t a b l i s h  an upper l i m i t  
f o r  t h e  a p p l i c a t i o n  o f  th e  D a rcy  law  b u t  no c o n s i s t e n t  an sw ers  
h ave b een  fou n d . Most o f  t h e  r e s e a r c h e r s  have a t tem p ted  to  
r e p r e s e n t  t h i s  upper l i m i t  by  a " C r i t i c a l  R eyn o ld s  Number". 
S u b se q u e n t ly ,  many d e f i n i t i o n s  o f  t h e  c h a r a c t e r i s t i c  l e n g t h  
i n  th e  R eynolds  number e x p r e s s i o n  h a v e  been  s u g g e s t e d .  The
d i s c r e p a n c i e s  i n  t h e  p r o p o se d  c r i t i c a l  R eynolds  numbers a r e  
beyond c o in c id e n c e  as  t h e y  ranged  b etw een  0 , 1  and 7 5 ,  There­
f o r e ,  u n l e s s  t u r b u le n t  m easurem ents a re  a s s o c i a t e d  w ith  t h e  
f lo w  r u n s ,  no f ir m  d i s t i n c t i o n  b etw een  t h e  d i f f e r e n t  r e g im e s  
can be c o n s id e r e d  r e l i a b l e ,
5 , 2 ,  The F r i c t i o n  E q u ation s
G e n e r a l ly ,  th e  f o l l o w i n g  fo rm u la e  are  used  a s  v a l i d  e x p r e s ­
s io n s  f o r  th e  r e l a t i o n s h i p  b etw een  h y d r a u l ic  g r a d ie n t  and b u lk  
v e l o c i t y  f o r  n o n - l in e a r  f lo w  b eh a v io u r;
i  = B v j  ( 5 , 2 , 1 )
i  = a V + b v^  ( 5 , 2 , 2 )
i  -  a V + b v^*  ^ + c v^  ( 5 , 2 , 3 )
where
i  = th e  h y d r a u l i c  g r a d ie n t  
V = th e  b u lk  or  m acro sco p ic  v e l o c i t y
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a ,  b and c a re  c o n s t a n t s  f o r  a p a r t i c u l a r  
medium.
B and j a re  v a r i a b l e s  d ep e n d in g  on t h e  
v e l o c i t y ,  and j r a n g e s  from 1 .0  ( la m in a r  
reg im e) to  2 ,0  i n  t h e  f u l l y  t u r b u l e n t  c a s e .
The f i r s t  fo rm u la  i s  a D arcy Form e q u a t io n  t h a t  e x p r e s s e s
b o th  la m in a r  and t u r b u le n t  f lo w  i n  one term . Though t h i s  equa­
t i o n  i s  s im p le  i n  form , i t s  s i g n i f i c a n c e  i s  u n d e r s ta n d a b ly  n o t
a s  good a s  fo rm u la e  ( 5 . 2 . 2 )  and ( 5 , 2 , 3 ) ,
E q u a t io n s  ( 5 , 2 . 2 )  and ( 5 . 2 . 3 )  e x p r e s s  la m in a r  and tu r b u -
1 5l e n t  f lo w  s e p a r a t e l y  w ith  th e  term  b - v  * f u r t h e r  in c lu d e d  i n  
e q u a t io n  ( 5 . 2 , 3 )  t o  a c c o u n t  f o r  t h e  t r a n s i t i o n a l  f l o w .
D e s p i t e  th e  f a c t  t h a t  e q u a t io n  ( 5 . 2 , 3 )  i s  a more r e p r e s e n ­
t a t i v e  fo r m u la ,  Ng (9 )  h a s  found  t h a t  t h i s  e q u a t io n  was o n l y  
s l i g h t l y  b e t t e r  th an  t h e  two te r m , Forchheiraer e q u a t io n .  He 
added t h a t  i n  th e  ra n g e  o f  R ey n o ld s  number (6 0 0 —4 0 0 0 ) ,  F o rch -  
h e im e r ' s  e q u a t io n  was found to  be  a s  good a s  t h e  t h r e e  terra 
fo r m u la .  A ls o ,  Ahmed and Sun ad a (1 0 )  p r e s e n t e d  a t h e o r e t i c a l  
d evelop m en t t h a t  su p p o rted  t h e  v a l i d i t y  o f  t h e  Forchheiraer  
e q u a t io n .  T h e r e fo r e ,  b e c a u s e  o f  i t s  a d v a n ta g e  o v e r  e q u a t io n  
( 5 . 2 . 3 )  i n  s i m p l i f y i n g  t h e  c o m p u ta t io n s ,  e q u a t io n  ( 5 . 2 , 2 )  w i l l  
be u se d  to  a n a ly s e  th e  d a t a  o f  t h i s  s tu d y .
The c o n s t a n t s  a and b i n  t h e  Forchheiraer e q u a t io n  h a v e  b een  
i n v e s t i g a t e d  and a few  e x p r e s s i o n s  have  b een  p r o p o se d  ( 3 , 9 ) ,
McCorquodale ( 3 ) ,  u s i n g  Ward's (1 1 )  m o d i f i c a t i o n  o f  t h e
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Kozeny -  Carman p e r m e a b i l i t y  e q u a t io n ,  s u g g e s te d  t h a t  a and b 
be ta k en  a s ,
a = -----^ -------------------------- ( 5 . 2 . 4 )
e g k
and
b =  X—  ( 5 . 2 , 5 )
g
where
i n  w hich ,
 ^ and.^ ; d e n s i t y  and dynamic v i s c o s i t y  o f  
t h e  f l u i d  r e s p e c t i v e l y  
c: C o n sta n t
k; t h e  p e r m e a b i l i t y  e x p r e s se d  a s ,
k  = ________m ^ ^ s  m| _____________ ( 5 , 2 , 6 )
36 J  T (1  -
J  = a d i m e n s i o n l e s s  c o n s ta n t  d ep en d in g  on th e  
shape o f  t h e  c r o s s - s e c t i o n  o f  f lo w  
T r t o r t u o s i t y  
<4^  = a p a r t i c l e  shape f a c t o r  g iv e n  by
<Ps = —  +  0 .  294) -  0 .3 3 0  ( 5 . 2 . 7 )
m cr'g
s u b s t i t u t i n g  e q u a t io n  ( 5 , 2 , 6 )  i n t o  e q u a t io n s  ( 5 , 2 . 4 )  and ( 5 . 2 . 5 )  
y i e l d s ,
€ gc&g Mg m^
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and
^ .  o / T T d  -  m) ( s . 2 . 9 )
g4=>s Mg
P u t t in g c < g  = ^4%,t h e  above e x p r e s s i o n s  w i l l  be m o d if ie d  to ;




b c Cgoeg — I_____ Z j E Ë l L  ( 5 . 2 . 1 1 )
g M_ V c(m)
Cl = 36 J  T 
Cg = c / j  T 
C(m) =
( 1  -  m) 2
E(ffg) = e-g^"^ ^
E q u ation s  ( 5 , 2 , 1 0 )  and ( 5 , 2 , 1 1 )  w i l l  be u se d  in  t h i s  
s tu d y  as  th e  e x p r e s s io n s  f o r  a and b r e s p e c t i v e l y ,
5 . 3 .  The Wall E f f e c t
The w a ll  e f f e c t  i s  a f a c t o r  t h a t  i s  r e s p o n s i b l e  f o r  th e  
v a r i a t i o n  i n  v e l o c i t y  n ea r  th e  w a l l  o f  a permeameter due to  
th e  p o r o s i t y  change i n  t h i s  w a l l  zon e .
A ccord ing to  Dudgeon ( 1 2 ) ,  th e  s i d e  w a l l  o f  a permeame- 
m e te r ,  f i l l e d  w ith  n o n -c o h e s iv e  g r a n u la r  m a t e r i a l ,  t e n d s  to
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c a u se  a h ig h e r  p o r o s i t y  z o n e ,  o f  t h e  o r d e r  o f  h a l f  a  p a r t i c l e  
d ia m e t e r ,  t o  o cc u r  a g a i n s t  t h e  w a l l*
B e in g  dependent on p o r o s i t y ,  th e  v e l o c i t y  i n  t h i s  zone  
w i l l  be  h ig h e r  th an  t h e  a v era g e  v e l o c i t y  i n  t h e  c o r e ,  t h e r e b y  
c a u s in g  t h e  mean v e l o c i t y  o f  t h e  w h o le  c r o s s - s e c t i o n ,  t o  d i f f e r  
from a t r u e  v e l o c i t y  i n  an i n f i n i t e  medium. F ig u r e  5 ,1  i l l u s ­











F ig u r e  5 ,1 :  V e l o c i t y  D i s t r i b u t i o n  A cro ss
a Perm eam eter.
On t h i s  b a s i s ,  th e  v e l o c i t i e s  i n  an i n f i n i t e  and f i n i t e  
p erm eam eters  a re  r e l a t e d  b y ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 0
c ,  . %,
where
= t h e  v e l o c i t y  i n  th e  i n f i n i t e  permea— 
m eter
s t h e  v e l o c i t y  i n  t h e  f i n i t e  permeame­
t e r
= t h e  w a ll ,  c o r r e c t i o n  f a c t o r
McCorquodale ( 3 ) ,  u s in g  a m o d i f i c a t i o n  o f  t h e  Ward's equa­
t i o n ,  d e v e lo p e d  an e x p r e s s io n  f o r  s im i l a r  to  t h a t  o f  Dudgeon  
( 1 2 ) ,  The e x p r e s s io n  i s  g iv e n  by
C * = F l  +   ( 5 . 3 . 2 )
L L]} J
w here
Le = e f f e c t i v e  l e n g t h  o f  w a l l  zone p e r im e te r  
Ly = le n g t h  o f  perm eam eter p e r im e te r  
Dg r g r a in  d ia m e te r
Aj; r t o t a l  a r e a  o f  perm eam eter c r o s s - s e c t i o n  
C" = a c o n s t a n t  ta k e n  as  = 1 , 8  f o r  permeame­
t e r s  w ith  rounded c r o s s - s e c t i o n s  and 
2 ,0  f o r  sq u a re  s e c t i o n s
As no c i r c u l a r  p erm eam eters  were u t i l i z e d  i n  t h i s  s tu d y ,  
and Lg was a lw ays  equal to  Lp, t h e  w a l l  c o r r e c t i o n  e x p r e s s io n  
i s  ta k e n  a s .
C-jy- 1 t  2 , 0 -----
Ax
( 5 , 3 . 3 )
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5 . 4 ,  The P a r a l l e l  Flow
5 . 4 , 1 .  E v a lu a t io n  o f  t h e  D a ta  by t h e  Forchheiraer E q u ation
In  o r d e r  to  r e p r e s e n t  t h e  f r i c t i o n  r e l a t i o n s h i p  f o r  
th e  fo u r  porous m ed ia ,  F o r ch h e ir a er 's  e q u a t io n  was w r i t t e n  
i n  th e  form,
—~  = a  +  b V ( 5 , 4 , 1 , 1 )
A l e a s t  sq u a r e s  t e c h n iq u e  (4 )  was u t i l i z e d  to  p l o t  
th e  r e l a t i o n s h i p  b etw een  i / v  and v  a lo n g  t h e  l i n e  o f  b e s t
f i t .  Thus, e q u a t io n  ( 5 . 4 , 1 , 1 )  can be w r i t t e n  i n  th e  form ,
y  = a + b X ( 5 , 4 , 1 .  2)
i n  which a g i v e s  t h e  i n t e r c e p t  on th e  y - a x i s  and b i s  
th e  s lo p e  o f  th e  l i n e  o f  b e s t  f i t .
The p r i n c i p l e  o f  l e a s t  sq u a re s  s t a t e s  t h a t  t h e  v a l u e s  
o f  a and b f o r  n o b s e r v a t i o n s  o f  y  and x can be found  
from ,
a = ( 5 . 4 . 1 . 3 )
n Z x  -  (Zx) ^
and
b = . ( 5 . 4 . 1 . 4 )
n -  (£ x )  2
The s tan d ard  e r r o r s  i n  com puting a and b by th e
above e x p r e s s io n s  a re  g iv e n  r e s p e c t i v e l y  by;
2
2 / 1  , X \ ( 5 , 4 , 1 , 5 )





s |  =
£ [ V i  -  ( a  + b X i ) ]  ® 
n — 2
The c o r r e l a t i o n  c o e f f i c i e n t ,  Cp, f o r  e q u a t io n ( 5 , 4 . 1 , 2 )  
i s  computed from.
n iT x y  -  Z x  Z  y  
Cr = ;.......................... ' ........  ...........  —  ( 5 , 4 , 1 , 7 )
yjnZ x^  -  (Tx) [ n ly ^  -  (Zy)
F ig u r e s  5 , 2  t o  5 ,5  show th e  f r i c t i o n  c u r v e s  f o r  
t h e  4 ,3 6  cm, 1 ,6 8  cm and 0 , 6 9  cm c ru sh ed  r o c k  and t h e  
1 ,5 9  cm q u a rtz  r e s p e c t i v e l y .
The v a lu e s  o f  a ,  b and Cj. w ere computed from t h e  
above form u lae  and are  shown on t h e  f i g u r e s ,  a lo n g  w ith  
t h e  s ta n d a rd  e r r o r s  o f  th e  mean i n  com puting a and b .
The range  o f  R eyn o ld s  number c o v e r e d  by each  s e t  o f  
ru n s  i s  i n d i c a t e d  i n  t a b l e  5 , 2 ,  The R eyn o ld s  number was 
computed from ,
^ p  Mg'
Re = — p--  ( 5 , 4 . 1 , 8 )
where
V.JJ = v e l o c i t y  i n  t h e  p o r e s  = v/m
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5 . 4 . 2 ,  The D im e n s io n le s s  F r i c t i o n  E q u a t io n
In  o r d e r  to  g e t  a  d i m e n s i o n l e s s ,  P o r c h h e im e r - ty p e ,  
f r i c t i o n  e q u a t io n ,  McCorquodale (3 )  and Ng (9 )  s u g g e s t e d  
t h e  form ,
T = Cl +  C2 X ( 5 . 4 .  2 .1 )
E x p r e s s io n s  f o r  T and X w e r e  o b t a in e d  by d i v i d i n g  
e q u a t io n  ( 5 . 4 , 1 . 1 )  by t h e  e x p r e s s i o n  f o r  a (e q u a t io n
( 5 . 2 . 1 0 ) ) e x c l u s i v e  o f  C j, T h u s,
i  Mg^ c(ra) g
T = —   ( 5 . 4 .  2 ,2 )
vo<g V E(S%)
and
( 5 , 4 . 2 , 3 )
To e s t a b l i s h  C% and Cg, M cCorquodale (3 )  u se d  a  l e a s t  
s q u a r e s  approach u t i l i s i n g  t h e  d a t a  o f  Ng ( 9 ) ,  Dudgeon ( l^ ,  
and Lane (1 5 )  t o g e t h e r  w ith  h i s  own e x p e r im e n ta l  d a t a .
The f o l l o w i n g  c o r r e l a t i o n  was o b t a in e d  :
Cl = 5 ,9 7  i  0 ,6 0  
Cg = 0 ,7 9  t  0 , 0 0 4 3  
C^  = 0 ,9 9 0 6
U s in g  a s im i l a r  t e c h n iq u e ,  t h e  w r i t e r ' s  d a ta  o n ly  
g a v e  th e  c o r r e l a t i o n  ;
Cl = 8 ,4 7  t  1 ,2 5
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C2 = 0 .8 1  ± 0 .0 1  
Cj. = 0 .9 9 3 5
Combining a l l  th e  d a t a ,  i t  was found t h a t ,
Cl = 6 . 3  ± 0 . 5 4  
C2 = 0 . 7 9 2  ± 0 .0 0 4  
Cr = 0 .9 8 9
P l o t s  o f  th e  above r e l a t i o n s  a r e  p r e s e n te d  in  
f i g u r e s  5 ,6  to  5 , 8 .
In tr o d u c in g  th e  w a ll  c o r r e c t i o n  term , C-w, i n  equa­
t i o n s  ( 5 . 4 , 2 . 2 )  and ( 5 , 4 . 2 , 3 ) ,  t h e  e x p r e s s io n s  o f  Y and  
X becom e,
r-  =  ^ 8_____  ( 5 . 4 , 2 . 4 )
E(cg) ( V Cyf)
and
X'  ( v  Cw) ( 5 , 4 ,  2 ,5 )
K E(6-g) 0^3 V
U sin g  th e  same p r o ced u re  a g a in ,  th e  f o l l o w i n g  c o r r e ­
l a t i o n s  were o b ta in e d ;
For th e  d a ta  o f  McCorquodale ( 3 ) ,  Ng ( 9 ) ,  Dugeon (13)  
and Lane ( 1 4 ) :
Cl = 1 ,3 7 4  + 0 , 8  
C2 = 1 .1 5 5  ± 0 ,0 0 7  
Cr = 0 ,9 9 1 0
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F o r  th e  w r i t e r ' s  d a t a  o n ly :
Cl = 4 . 2 4  ± 1 .2 0  
Cg = 1 .3 8 6  ±  0 .0 1 2 3  
Cr = 0 ,9 9 6 6
For a l l  d a t a  com bined:
Cl -  1 ,6 0  ±  0 , 8 1 4  
Cg = 1 ,1 7 5  ± 0 .0 0 7 1  
Cr = 0 .9 9 0
The c u r v e s  w ith  t h e  w a l l  e f f e c t  c o r r e c t i o n  a r e  p l o t ­
t e d  i n  f i g u r e s  5 ,9  t o  5 , 1 1 .
5 , 5 ,  Radi a l  FI o v.
5 , 5 . 1 ,  Theory o f  C onvergence
W right ( 2 ) ,  in  h i s  e x p e r im e n ta l  r a d i a l  f lo w  i n v e s t i ­
g a t i o n ,  s t u d ie d  t h e  e f f e c t  o f  c o n v e r g e n c e  on* t h e  r e s i s t ­
a n c e .  He p l o t t e d  t h e  r e s i s t a n c e  c o e f f i c i e n t ,  A. , v e r s u s  
t h e  R eyn o ld s  number, R^, f o r  b o th  p a r a l l e l  and c o n v e r g in g  
f l o w .  The e x p r e s s i o n s  h e  u se d  are  r e s p e c t i v e l y :
A = ----   g ---------- ( 5 . 5 . 1 , 1 )
v'^ 0» (1  -  ra) 0 ,1 0 6 7
and
Rv = ■ . ( 5 , 5 , 1 ,  2)
V (1  -  m)
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where
G* = f u n c t i o n  e x p r e s s in g  combined e f f e c t  on 
r e s i s t a n c e  o f  g r a in  sh ap e , s i z e  d i s t r i ­
b u t io n  and s u r f a c e  r o u g h n e ss .
H is  p l o t  ( A -  Ryy) showed t h a t  c o n v e r g e n c e  c a u se d  t h e  
r e s i s t a n c e  c o e f f i c i e n t  t o  d e v i a t e  b e lo w  th e  p a r a l l e l  f lo w  
cu rve  by an amount t h a t  g r a d u a l ly  i n c r e a s e d  w ith  t h e  i n ­
c r e a s i n g  R eynolds  number. He r e p o r te d  t h a t  b e lo w  R^=10, 
th e  two c u r v e s  were v i r t u a l l y  t h e  same and a t  R^ = 1 0 0 ,  
t h e  r e d u c t io n  i n  ^ was ab ou t 27^. He th o u g h t  t h a t  i n  t h e  
s t e a d y  i n e r t i a l  r e g im e ,  c o n v e r g e n c e  would te n d  to  make 
t h e  p o r e  v e l o c i t y  d i s t r i b u t i o n  more un iform  and r e d u c e  
t h e  dead w a te r  a r e a s  b e h in d  each g r a i n ,  th u s  lo w e r in g  t h e  
d ra g . I n  th e  t u r b u le n t  t r a n s i t i o n  r e g im e ,  h e  su p p osed  
t h a t  co n v erg en ce  would r e d u c e  t h e  d e g r e e  o f  t u r b u le n c e  
and p o s s i b l y  c a u s e  t h e  s e p a r a t io n  p o i n t s  on each g r a in  t o  
move dow nstream , and a g a in  t h e  drag would d rop ,
McCorquodale ( 3 ) ,  deduced  t h a t  co n v e r g e n c e  m ig h t  h a v e  
th e  f o l l o w i n g  e f f e c t s  on t h e  f lo w :
1 ,  A r e d u c t io n  i n  t h e  drag  ca u sed  by  a s l i g h t  
change i n  the. f lo w  s e p a r a t io n  p a t t e r n .
2, A d e la y  i n  t h e  o n s e t  o f  t u r b u le n c e  due t o  con­
v e c t i v e  a c c e l e r a t i o n  on a  m a croscop ic  s c a l e ,
3 ,  An i n f l u e n c e  on t h e  fo r m a t io n  and d eca y  o f  
t u r b u le n t  e d d i e s .
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4 ,  A v a r i a t i o n  i n  t h e  a v era g e  k i n e t i c  en erg y  
from p o i n t  t o  p o i n t  r e s u l t i n g  i n  a r e l a t i v e l y  
lo w e r  p ie z o m e t r i c  r e a d in g  f o r  t h e  h ig h e r  v e l o ­
c i t i e s .
5 ,  An e f f e c t  due t o  t h e  e x p e r im e n ta l  e r r o r s  a r i s ­
i n g  from t h e  s l i g h t  ch an ges  i n  p o r o s i t y  and 
th e  v a r i a b l e  w a l l  e f f e c t .
On t h e  b a s i s  o f  t h e  above d i s c u s s i o n ,  McCorquodals( 3)
i n v e s t i g a t e d  t h e  b e h a v io u r  o f  th e  c o n s t a n t s  a and b i n
th e  Forchheiraer e q u a t io n .  He found b t o  be  a f u n c t io n
o f  (m, _  6 t - ^  where J
Mg Mg
€ : r o u g h n e ss  
rjj = r a d iu s  o f  c u r v a tu r e
rq = r a d iu s  o f  c o n v erg en ce
H ence, he  i n d i c a t e d  t h a t  t h e  v a l u e  o f  b  m ight n o t  b e  
a c o n s ta n t  i n  c a se  o f  c o n v e r g e n t  f lo w .  S in c e  co n v erg en ce  
g e n e r a l l y  i n h i b i t s  t u r b u le n c e ,  he assumed t h a t  th e  con­
v e r g in g  m acro sco p ic  s t r e a m l in e s  m ain ly  a f f e c t  b , t h e  n on -  
D arcy terra o f  th e  Forchheiraer e q u a t io n ,  w h i le  th e  D arcy  
term , a ,  rem ains n e a r ly  c o n s t a n t .  Thus, t h e  e f f e c t  o f
co n v erg en ce  on b can be s t u d ie d  by com paring v a lu e s  o f  b
f o r  r a d i a l  and p a r a l l e l  f lo w .
Based on t h i s  a s su m p tio n ,  an e q u a t io n  to  compute t h e  
v a lu e  o f  th e  non-D arcy c o e f f i c i e n t  i n  c a s e  o f  c o n v e r g e n t
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f lo w  c o u ld  be d e r iv e d  a s  f o l l o w s :
The Forchheim er e q u a t io n  can  be w r i t t e n  i n  th e  form ,
i  = ( a  +  b v) V ( 5 . 5 , 1 . 3 )
For r a d i a l  f l o w ,  i  = and v  i s  t a k e n  p o s i t i v e
3  r  I
i n  t h e  n e g a t i v e  r a d i a l  d i r e c t i o n  and term ed  v ^ , t h e n ,
l% ± _ | = ( a  + b Vr) I v ^ l  ( 5 , 5 , 1 . 4 )
o r '
I n  c a s e  o f  c o n v e r g in g  r a d i a l  f lo w ,  i s  i n c r e a s -
o r
i n g  as  Vp^  i n c r e a s e s ,  t h u s ,
— ( aq +  ^c ^ r )  ^r ( 5 , 5 , 1 , 5 )
O *c
where
a^ j and b^ a r e  t h e  v a l u e s  o f  a  and b r e s p e c t i v e l y  f o r  
c o n v e r g e n t  f l o w .
th  en ,
bqVr^ + a^jVr -  -  = 0  ( 5 . 5 , 1 , 6 )
5  r .c
t h u s ,  f ~
v„ = ( 5 ,  5 , 1 . 7 )
2bc
From c o n t i n u i t y ,  th e  d i s c h a r g e ,  Q, i s
Q = Aq Vy ( 5 , 5 , 1 . 8 )
where Aq i s  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  co n v e r g ­
in g  perm eam eter a t  r a d iu s  rq and i s  g iv e n  by
Aq = Tq. © . W ( 5 ,  5 , 1 . 9 )
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where
0  r a n g le  o f  c o n v e r g e n c e  
W r w id th  o f  t h e  perm eam eter
S u b s t i t u t i n g  e q u a t io n  ( 5 . 5 , 1 , 8 )  i n t o  ( 5 , 5 , 1 , 7 )  
y i e l d s ,
\ / a ?  +  4 b .  4 4 r
( 5 . 5 . 1 . 1 0 )
e V r .
P u t t i n g  H =
\ /  2  8 ^  20 bp +  4bq g  rc









r q  _
( 5 . 5 . 1 . 1 1 )
I n t e g r a t i n g  from 4=2 t o 4^1 and from rq g  t o  rq ^ , t h e n ,
Q ^ ((4^1 - c # g )  = _ 1 aqQ r cp ]
' r„  „ e W *  rCl "C2 ■C2J
( 5 . 5 . 1 . 1 2 )
or
^c =
&q 111 r c i / r c 2 “
we




5 , 5 . 2 .  A n a ly s i s  o f  th e  R a d ia l  Flow Data and Comparison  
o f  C onvergent and P a r a l l e l  Plow R e s u l t s
In  o r d e r  to  f u r n i s h  a b a s i s  f o r  com paring r a d i a l  and 
p a r a l l e l  f lo w ,  b o th  were assumed to  have b een  co n d u cted  
fo r  t h e  c o n d i t i o n s  e x i s t i n g  in  th e  c o n v e r g in g  f lo w  permea-
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m eter ,-  C o n se q u e n t ly ,  c o r r e c t i o n s  f o r  p o r o s i t y  and w a ll  
e f f e c t  a r e  n e c e s s a r y  f o r  t h e  v a lu e s  o f  a and b , computed  
f o r  t h e  p a r a l l e l  f lo w .
E q u a t io n  ( 5 . 5 , 1 , 1 3 )  r e q u i r e s  t h e  d a ta  o f  c o n v e r g in g  
f lo w  to  be a n a ly se d  i n  p a i r s  i , e , .  ( r c i , 4 > i )  and ( r q g ,  c&g)*
H ence, f o r  each s e t  o f  r a d i a l  f lo w  d a t a ,  an a^ was o b t a in ­
ed by c o r r e c t i n g  th e  c o r r e s p o n d in g  p a r a l l e l  f lo w  a. f o r  
any d i f f e r e n c e  i n  p o r o s i t y  and w a l l  e f f e c t .
An av era g e  v a l u e  f o r  bq was th e n  c a l c u l a t e d  f o r  each  
m a te r ia l  and compared to  th e  c o r r e s p o n d in g ,  a d ju s te d *  
p a r a l l e l  -  f lo w  v a l u e .
The c o r r e c t i o n s  f o r  p o r o s i t y  and w a l l  e f f e c t  were  
made as f o l l o w s :
a) P o r o s i t y  c o r r e c t i o n
U s in g  e q u a t io n s  ( 5 , 2 , 1 0 )  and ( 5 , 2 , 1 1 )  and th e  
v a lu e s  o f  a and b o b ta in e d  i n  t h e  c a s e  o f  p ar­
a l l e l  f l o w ,  th e  v a l u e s  o f  a and b a d j u s t e d  f o r
p o r o s i t y ,  (a *  and b *) are r e s p e c t i v e l y  
c(ra„)
a^ = a •
and
b  ^ r b •.
clm c) ( 5 , 5 . 2 , 1 )
ofm») <5 , 5 , 2 . 2)
c(rac)
b) Wall e f f e c t  c o r r e c t i o n
Taking t h e  w a l l  e f f e c t  i n t o  acco u n t t h e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5 1
Forchheim er e q u a t io n  may be w r i t t e n  i n  t h e  
form ,
i  =: a(v.C-gr) +  b (v ^ .  C^ f) ( 5 , 5 , 2 .  3)
S in c e  t h e  w a i l  e f f e c t  h a s  been  shown to  he  
a lm o st  in d e p e n d e n t  o f  f lo w  r a t e  f o r  a p a r t i c ­
u l a r  n o n - c o h e s iv e  g r a n u la r  medium ( 1 2 ) ,  th e n  
may be u se d  a s  a c o r r e c t i o n  f o r  a and b 
i n s t e a d  o f  v .  Thus,
ao = a  . - f T c   ( 5 . 5 . 2 . 4 )
a n d
= b . 1^— ( 5 , 5 . 2 , 5 )
where ‘
Uq = th e  v a l u e  o f  a  i n  c a s e  o f  p a r a l l e l  f lo w  
c o r r e c t e d  f o r  w a l l  e f f e c t .
bq = th e  v a lu e  o f  p a r a l l e l  f lo w  b c o r r e c t e d  
f o r  w a l l  e f f e c t .
II and C-g-p a r e  t h e  w a l l  c o r r e c t i o n  v a l u e s  
f o r  p a r a l l e l  and c o n v e r g e n t  f lo w  r e s p e c t i v e l y .
E q u a tio n  ( 5 , 3 . 3 )  was u sed  to  compute Cy i n  each  
c a s e .  The term  Aj was c a l c u l a t e d  from an in ­
t e r m e d ia t e  s e c t i o n  i n  th e  c a s e  o f  t h e  c o n v er ­
g in g  f lo w  p erm eam eter .
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The f i n a l  c o r r e c t e d  v a l u e s  a  „ and b|| are  t h e n ,
a„ = a - . ( 5 . 5 .  2 .6 )II / V
c(mc) c-^ ,It
and
b|, = b / c ( m „ )  r ^ ^ c l  ^
y c(mq) _
( 5 . 5 . 2 . 7 )
T ab le  5 . 3  shows t h e  v a l u e s  o f  Cwq» ®’ii ^nd bn
f o r  t h e  fo u r  p o ro u s  m edia and a l s o  bg a s  an av era g e  o f  
t h e  v a l u e s  c a l c u l a t e d  by e q u a t io n  ( 5 . 5 . 1 . 1 3 ) .  Shown a l s o  
are  t h e  s ta n d a rd  e r r o r s  o f  th e  means i n  com puting a„ , 
b|, and bq .
I t  i s  to  be n o te d  h e r e i n ,  t h a t  t h e r e  i s  an a d d i t i o n a l  
e r r o r  i n  a  and b a r i s i n g  from t h e  f a c t  t h a t  t h e y  are  fu n c ­
t i o n s  o f  m. Mg andoi^g. T h is  e r r o r  s h o u ld  be added to  th e  
e r r o r s  o b ta in e d  from t h e  a p p l i c a t i o n  o f  t h e  l e a s t  sq u a r e s  
method i n  t h e  c a s e  o f  p a r a l l e l  f lo w  and th e  com p u ta tion  o f  
th e  a v e r a g e  bg b a se d  on e q u a t io n  ( 5 . 5 , 1 , 1 3 ) .  As t h i s  
e r r o r  m a in ly  a f f e c t s  t h e  a b s o l u t e  n o t  t h e  r e l a t i v e  v a l u e s  
o f  a and b b etw een  p a r a l l e l  and c o n v e r g in g  f l o w ,  i t  w i l l  
be n e g l e c t e d  i n  c a s e  o f  a as  a „  was s u b s t i t u t e d  i n  eques­
t i o n  ( 5 , 5 . 1 . 1 3 )  f o r  aq . In  c a s e  o f  b t h e  p r o p a g a t io n ,  , 
o f  t h i s  e r r o r  ( 4 ) ,  i s  g iv e n  b y ,
^  ( 5 , 5 , 2 . 8 )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
where
CTja} GcOg are  t h e  s ta n d a r d  d e v i a t i o n s  o f  t h e
p o r o s i t y ,  g e o m e tr ic  mean d ia m e te r  and shape f a c t o r  r e s ­
p e c t i v e l y .
S in c e  Mg andoig  were th e  same f o r  b oth  p a r a l l e l  and 
co n v e r g in g  f lo w ,  t h e i r  term s i n  th e  above e q u a t io n  may 
be n e g le c t e d  and th e  e x p r e s s io n  o f r e d u c e s  t o
^ b  " ( 5 . 5 .  2 .9 )
The e r r o r  computed by  t h e  above e q u a t io n  was in c lu d e d  
i n  th e  e r r o r  i n  com puting b|, and bq.
Table 5 . 4  shows th e  ran ge  o f  R eynolds  number co v e r e d  
by th e  r a d i a l  f l o w  e x p e r im e n ts  and computed by e q u a t io n  
( 5 , 4 , 1 . 8 ) .
F ig u r e s  5 ,1 2  to 5 ,1 5  show p l o t s  o f  rq v e r s u s  bq com­
p u te d  by  e q u a t io n  ( 5 , 5 , 1 , 1 3 )  f o r  t h e  fo u r  p orou s  m ed ia .
The v a lu e  o f  th e  c o r r e s p o n d in g  b|, i s  a l s o  shown on each  
graph and i t  ap p ears  t h a t  bq i s  a lw ays  l e s s  th an  b„ by  
about 209 ,^
In  o rd er  to  check  t h e  v a l i d i t y  o f  e q u a t io n  ( 5 . 5 . 1 . 1 3 ) ,  
a l e a s t  sq u ares  method was u se d  to  e s t a b l i s h  t h e  f r i c t i o n  
c u r v e s  f o r  th e  r a d i a l  f lo w  d a ta  o f  th e  fo u r  porou s m edia.
The l i n e  o f  b e s t  f i t  was o b ta in e d  by means o f  th e  
v a lu e s  o f  a and b computed from e q u a t io n s  ( 5 . 4 . 1 .  3)
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and ( 5 , 4 . 1 . 4 ) .
An i n t e r c e p t  eq u a l to  a „ was marked on t h e  ( i / v )  
a x i s ,  from which a l i n e  w ith  a  s l o p e  bq was draw n. T h is  
l i n e  was shown, i n  each  c a s e ,  t o  p a s s  th rou gh  t h e  s c a t t e r  
o f  p o i n t s  i n  an a c c e p t a b l e  manner. Thus, i t  can be  con­
c lu d e d  t h a t  th e  a s su m p tio n  on w hich  e q u a t io n  ( 5 , 5 . 1 . 1 3 )  
was b a se d  i s  a r e a s o n a b le  o n e .  The p l o t s  o f  r a d i a l  f lo w  
f r i c t i o n  c u r v e s  a re  shown i n  f i g u r e s  5 ,1 6  to  5 ,1 9  and 
t h e  v a l u e s  o f  a and b o b t a in e d  from t h e  l e a s t  s q u a r e s  
method are  shown on t h e  f i g u r e s  a lo n g  w ith  th e  s ta n d a r d  
e r r o r s  o f  th e  means and t h e  c o r r e l a t i o n  c o e f f i c i e n t s .
The l a r g e  s c a t t e r  shown i n  f i g u r e s  5 ,1 6  to  5 .1 9  was 
c h a r a c t e r i s t i c  o f  t h e  r a d i a l  f l o w  d a ta  o f  t h e  f o u r  p o r o u s  
m edia . T h is  c o u ld  h a v e  b e e n  due to  th e  v a r i a b i l i t y  i n  
p o r o s i t y  and w a l l  e f f e c t  from p o i n t  t o  p o i n t  a lo n g  t h e  
w a l l s  i n  th e  c o n v e r g in g  perm eam eter as  p r e v i o u s l y ,  men­
t i o n e d .
5 . 5 . 3 .  S i g n i f i c a n c e  o f  t h e  C on verg in g  Flow E f f e c t
A s t a t i s t i c a l  a n a l y s i s  was u se d  to  d e te r m in e  th e  
s i g n i f i c a n c e  o f  th e  a p p a r e n t  c o n v e r g in g  f lo w  e f f e c t ,  
i n d i c a t e d  by th e  r e d u c t i o n  i n  t h e  v a lu e  bq as  i l l u s t r a t e d  
i n  t h e  p r e v io u s  s e c t i o n .
The t - t e s t  (4 )  was a p p l i e d  to  d e term in e  w h eth er  o r  
n o t  t h i s  r e d u c t io n  i n  bq was due to  chance a l o n e .
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To do t h i s ,  t h e  s ta n d a rd  d e v i a t i o n  o f  t h e  d i f f e r e n c e  
o f  th e  m eans, was computed from
% d = I
si si
n, n.
( 5 . 5 .  8 ,1 )
where
( 5 . 5 . 3 . 2 )
i n  which
S„ -  s ta n d a rd  d e v i a t i o n  o f  hj,
Sq = s ta n d a rd  d e v i a t i o n  o f  bq
n„ and nq a re  t h e  numbers o f  o b s e r v a t io n s  o f  
b(i and b^ r e s p e c t i v e l y .
p
Sffl i s  th e n  t h e  combined v a r ia n c e .
The s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  d en oted  by  t ,  i s  
measured by th e  r a t i o  o f  t h e  d i f f e r e n c e  to  i t s  s tan d a rd  
d e v i a t i o n .  Thus,
1^1 *“t  =
Smd
( 5 . 5 .  8 .4 )
Knowing t  and th e  number o f  d e g r e e s  o f  freedom  ( i . e .  
n,| + nq -  2) , t h e  p r o b a b i l i t y  t h a t  t h e  d i f f e r e n c e  (bn —bq) 
i s  due to  chance a lo n e ,  can be found  from a p r o b a b i l i t y  
c h a r t  l^e.g. s e e  N e v i l l e  and Kennedy (4 )  p l a t e  n^ A -sJ
T a b le  5 .5  i n d i c a t e s  t h e  s i g n i f i c a n c e  o f  th e  co n v e r g ­
in g  f lo w  e f f e c t  f o r  th e  fo u r  m a t e r i a l s .  I t  i s  e v id e n t
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from t h e  t a b l e  t h a t  none o f  th e  c a s e s  can be c o n s id e r e d  
to  be  due to  ch an ce  a lo n e .
5 , 6 ,  The P ro p o sed  Formula t o  Compute " bg "
McCorquodale ( 3 ) ,  b ased  on h i s  ex p e r im e n ta l  d a t a ,  d e r iv e d  
t h e  f o l l o w i n g  form ula  to  compute bq knowing t h e  v a lu e  o f  b|,
bq — b,| 1 .0  -  0 . 1 3  e 100 Mg ( 5 . 6 . 1 )
The w r i t e r ,  i n  an a ttem p t to  v e r i f y  e q u a t io n  ( 5 . 6 . 1 )  
u s in g  h i s  own e x p e r im e n ta l  d a t a ,  found t h a t  t h e  v a lu e s  o f  bq 
computed b y  t h e  above form u la  were c o n s i s t e n t l y  l a r g e r  than  
th e  o b se r v e d  v a l u e s .
In  o r d e r  to  s a t i s f y  t h e  d a ta  o f  t h i s  t h e s i s ,  i t  was found  
t h a t  e q u a t io n  ( 5 . 6 . 1 )  sh o u ld  be m o d if ie d  to
— ^c -, 
e'lOO M011bn = b|, ( 5 . 6 . 2 )
The p e r c e n t a g e  d e c r e a s e  i n  bq can th e n  be computed from
-  rr
Z = 0.-275 ( .^ ig -)  e Mgm ( 5 . 6 . 3 )II
where
Z = th e  p e r c e n t a g e  d e c r e a s e  and i s  eq u a l to  (~--t;— ^  X lOO)
rq i n  e q u a t io n s  ( 5 . 6 . 2 )  and ( 5 , 6 . 3 )  i s  an av era g e  v a l u e .  
The computed and o b se r v e d  v a lu e s  o f  Z are  l i s t e d  in
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t a b l e  5 ,6  f o r  t h e  fo u r  p orou s  m ed ia , and f i g u r e  5 ,2 0  shows  
t h e  c o r r e l a t i o n  o f  t h e s e  o b se r v e d  and c a l c u l a t e d  v a l u e s .  I t  
a p p ea rs  from th e  p l o t  t h a t  b o th  t h e  o b s e r v e d  and c a l c u l a t e d  
v a l u e s  a r e  i n  good a g reem en t.
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CHAPTER VI
DISCUSSIONS
6 . 1 .  The Drag C o e f f i c i e n t  -  Shape F a c to r  R e la t io n s h ip
The ap p a ren t  r e l a t i o n s h i p  b e tw e e n  t h e  c o e f f i c i e n t  o f  
d r a g ,  C]), and t h e  shape f a c t o r , < ^ g ,  as  i l l u s t r a t e d  by f i g u r e
8 . 7 ,  i m p l i e s  th e  p o s s i b i l i t y  o f  a d o p t in g  Cp i n  th e  r e s i s t a n c e  
e q u a t io n s  i n s t e a d  o foC g.
A more d e t a i l e d  s tu d y  o f  t h i s  r e l a t i o n s h i p  i s  recommended 
f o r  f u t u r e  work to  a c h ie v e  th e  m en tio n ed  g o a l .  I t  w i l l  b e  more 
m ea n in g fu l to  u se  Cp i n  t h e  f lo w  e q u a t io n s  s in c e  Cp i s .d e p e n d e n t  
on t h e  R eyn old s  number.
6 . 2 .  The P roposed  F a l l  V e l o c i t y  E q u a t io n
The p rop osed  e m p ir ic a l  fo r m u la  f o r  com puting t h e  f a l l  
v e l o c i t y  ( e q u a t io n  ( 3 . 1 0 ) )  h a s  b e e n  shown t o  be a  r e l i a b l e  
e x p r e s s i o n  f o r  t h e  m a te r ia l  s i z e s  t e s t e d  under th e  c o n d i t i o n s  
o f  t h i s  s tu d y .  However, i t  i s  em phasized  t h a t  u n l e s s  t h i s  
e q u a t io n  i s  v e r i f i e d  f o r  o t h e r  m a t e r ia l  s i z e s ,  d i f f e r e n t  
s p e c i f i c  g r a v i t i e s  and d i f f e r e n t  R eyn o ld s  numbers, i t s  generad  
v a l i d i t y  cannot be g u a r a n te e d ,
6 . 3 .  The P a r a l l e l  Flow F r i c t i o n  Curves
The f r i c t i o n  c u r v e s  f o r  th e  fo u r  p o ro u s  media have  a l l
58
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g iv e n  good c o r r e l a t i o n s  and showed a d e c r e a s in g  t r e n d  i n  th e  
v a l u e s  o f  a  and b a s  Mg i n c r e a s e d .  T h is  c o n f ir m s  t h e  s i m i l a r  
d e c r e a s in g  tr e n d  r e p o r te d  by Ng ( 9 ) ,
6 . 4 .  The Dry P o r o s i t y
The d ry  p o r o s i t y  h a s  b een  shown to  be a v e r y  s e n s i t i v e  
f a c t o r  i n  non-D arcy f la w  th rou gh  p o r o u s  m edia . I t  can be seen  
t h a t  a s l i g h t  e r r o r  i n  t h e  dry p o r o s i t y  co u ld  r e s u l t  i n  a con­
s id e r a b l e  e r r o r  i n  th e  r e s i s t a n c e  e q u a t io n s .  T h is  would be  
c r i t i c a l  p a r t i c u l a r l y  i n  com paring p a r a l l e l  and c o n v e r g e n t  
f lo w .
The l a r g e  d i f f e r e n c e  b etw een  t h e  v a l u e s  o f  m„ and mg o f  
th e  4 .3 6  cm cru sh ed  ro ck  m ight h a v e  b een  due to  a b r id g in g  
e f f e c t .  I t  i s  b e l i e v e d  t h a t  t h i s  ro ck  s i z e  m ight h a v e  been  
s u b j e c t  to  such an e f f e c t ,  e s p e c i a l l y  i n  t h e  p a r a l l e l  permea— 
m eter .  Furtherm ore, t h e  w a l l  e f f e c t  i n  t h e  p a r a l l e l  perm ea-  
m eter was shown to  be c o n s id e r a b ly  more pronounced f o r  t h i s  
s i z e  o f  rock  th an  i n  th e  c o n v e r g in g  perm eam eter.
6 . 5 .  The D im e n s io n le s s  F r i c t i o n  E q u a t io n s
The d im e n s io n le s s  f r i c t i o n  e q u a t io n s  gave  good c o r r e l a ­
t i o n s  f o r  a l l  th e  d i s c u s s e d  c a s e s .  The p l o t s  o f  t h e s e  equa­
t i o n s  showed more s c a t t e r  when th e  w a ll  e f f e c t  c o r r e c t i o n  was 
n o t  ta k en  i n t o  c o n s id e r a t i o n .  T h is  l e a d s  to  th e  c o n c lu s io n  
t h a t  th e  w a l l  e f f e c t  c r i t e r i o n  i s  one o f  the^m ost im p o rta n t  
means by which th e  d i f f e r e n t  r e s u l t s  can be compared on a
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c o n s i s t e n t  b a s i s .
The f o l l o w i n g  form s are  p ro p o se d  as th e  d im e n s io n le s s  
f r i c t i o n  e q u a t io n s ;
a) w ith o u t  w a l l  c o r r e c t i o n
i  m|  c(m) g V Mg /  c(m)
 i ----------------- = 6 . 3  ,+ 0 . 7 9 2  - S - / -------   ( 6 . 1 )
v o ^ l  ^ E(6^g) y E (sg )
b) w ith  w a l l  c o r r e c t i o n
 i j i £ i î U _ r l . 6  +  1 . 1 7 5 , / ^ .  ( 6 . 2 )
V c ^ | E ( 6 g )  ( v . Cv )  V E(s-g) ocgi?
A lthough  a p p r o x im a te ly  750 d a t a  p o i n t s  were u se d  t o  
e s t a b l i s h  th e  above e q u a t io n s ,  i t  i s  s u g g e s t e d  t h a t  more d a t a  
c o u ld  be u t i l i z e d  t o  im prove t h e  c o n s t a n t s  o f  t h e s e  two equa­
t io n s *
6 . 6 .  The S i g n i f i c a n c e  o f  t h e  C onverg ing  Flow E f f e c t
McCorquodale (3 )  r e p o r t e d  a  d e c r e a s e  o f  a b ou t  18$  ^ i n  bg
b a se d  on h i s  e x p e r im e n ts .  He s u s p e c te d  t h e  e x i s t e n c e  o f  a 
c o n v e r g in g  -  f lo w  e f f e c t ,  b u t  t h e  chance -  p r o b a b i l i t y  i n  h i s  
c a s e  was about 17jS, when a l l  t h e  r e s u l t s  w ere p o o le d .
The c o r r e sp o n d in g  r e d u c t io n  i n  b^ r e v e a l e d  by  t h i s  work
i s  about 60^ more th a n  th e  v a lu e  r e p o r te d  b y  McCorquodale and 
i t  h a s  been  shown to  be s t a t i s t i c a l l y  s i g n i f i c a n t .
T h is  r e d u c t io n  i n d i c a t e s  t h a t  co n v e r g e n c e  would ten d  to  
improve t h e  h y d r a u l ic  c o n d u c t i v i t y ,  K, o f  p o r o u s  m edia . A lso
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t h i s  c o n v e r g e n c e  e f f e c t  w i l l  be im p o r ta n t  i n  th e  s o l u t i o n  o f  
two and t h r e e  d im e n s io n a l  f i e l d  p r o b le m s .
6 . 7 .  The S u g g e s te d  Formula f o r  Computing' " b^ "
Tlie p r o p o se d  form u la  to  compute t h e  p e r c e n t a g e  d i f f e r e n c e  
b etw een  b„ and bg ( e q u a t io n  ( 5 .6 . 3 ) )  can be r e g a r d e d  as a r e l i ­
a b le  e x p r e s s io n  to  p r e d i c t  t h i s  d i f f e r e n c e  (and th e n  b(, from  
e q u a t io n  ( 5 . 6 . 2 ) )  f o r  m a t e r i a l s  h a v in g  t h e  same c h a r a c t e r i s t i c s  
a s  t h o s e  t e s t e d  i n  t h i s  s tu d y  and sh o u ld  o n l y  be used  i n  a  
s i m i l a r  ran g e  o f  R eyn old s  number. To v e r i f y  t h e  v a l i d i t y  o f  
t h i s  e q u a t io n  f o r  o t h e r  d i f f e r e n t  m a t e r i a l s ,  f u t u r e  experim en­
t a l  work must c o v e r  d i f f e r e n t  ran ge  o f  R eyn old s  number and 
i n v o l v e  d i f f e r e n t  a n g le s  o f  c o n v e r g e n c e .
6 . 8 .  D e f i n i t i o n  o f  Flow Regimes
As no t u r b u le n c e  m easurem ents were made i n  t h i s  work, th e  
w r i t e r  was n o t  a b le  to  d e te r m in e  e x a c t l y  when tu r b u le n c e  s t a r t e d .  
H owever, i t  i s  a s su r e d  t h a t  th e  range  o f  R eyn o ld s  number c o v e r e d  
by t h e  e x p e r im e n ts  l i e s  i n  t h e  n on -D arcy  r e g im e s .
6 . 9 .  E x p er im en ta l E rrors
The s o u r c e s  o f  e x p e r im e n ta l  e r r o r s  i n  t h i s  s tu d y  may be  
summarized as  f o l l o w s ;
1 .  The e r r o r s  t h a t  m ig h t  have o c c u r e d  i n  th e  f lo w -h e a d  
l o s s  ex p e r im e n ts  are  e s t im a te d  to  be;
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a) i  0 . 2 5  U . S . G.P.M. o u t  o f  a maximum o f  20 .0
U .S .G .P .M . f o r  Q.
b) i  0 . 5  ram o u t  o f  a maximum o f  1 0 .0  mm f o r  .
Thus, th e  maximum p o s s i b l e  r e l a t i v e  e r r o r  
i n  th e  v a lu e  o f  ( i / v )  i s  a p p r o x im a te ly
X 100 = 6 .2 5 # .
20 10
c) A p o s s i b l e  c a l i b r a t i o n  e r r o r  o f  a p p r o x im a te ly  
2 .0 #  f o r  t h e  v e n t u r i - m e t e r .
2. The l o c a l  p r e s s u r e  c o u ld  be a f f e c t e d  by t h e  o r i e n t a t i o n  
o f  m a te r ia l  p a r t i c l e s  around t h e  e n tr a n c e  o f  p ie z o m e te r s  
a t  th e  w a l l ,  e s p e c i a l l y  i n  t h e  c a s e  o f  t h e  4 .3 6  cm 
cru sh ed  rock .
I f  th e  p ie z o m e te r s  were i n s e r t e d  d e e p ly  i n t o  th e  c o r e  
o f  th e  sa m p les ,  t h i s  e r r o r  m ight have b een  d e c r e a s e d  
and th e  w a ll  e f f e c t  on th e  p ie z o m e te r  r e a d in g s  co u ld  
have been e l im in a t e d .
3. The e r r o r s  t h a t  m ight h ave  o c c u r e d  i n  m easu rin g  th e  
w e ig h t  and volume o f  th e  m a t e r i a l s  c o u ld  b e  due to :
a) The r e a d in g s  o f  th e  b a la n c e  a c c u r a t e l y  up to  
± 0 .0 0 5  gm.
b) The r e a d in g  o f  th e  c a l i b r a t e d  c y l i n d e r  a c c u r a t e ly  
up to  t  0 . 0 5  C. C. ,  in  a d d i t io n  to  th e  p o s s i b l e
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a d h e s io n  o f  w a ter  m o le c u le s  to  th e  c y l i n d e r  
w a l l .  T h is  c o u ld  h ave  happened and c a u sed  
a sm a ll  e r r o r  i n  t h e  volum e r e a d in g s ,
4 ,  The e r r o r s  i n  m ea su r in g  p o r o s i t i e s  co u ld  h a v e  b een  due 
t o  th e  above m en tion ed  e r r o r s  i n  r e a d in g  w e ig h t s  and 
v o lu m e s ,  p l u s  t h e  p r o b a b i l i t y  t h a t  th e  u p p er  p o r e s  
m ig h t  h ave  r e t a i n e d  some o f  t h e  w a ter  and c a u se d  a 
s l i g h t  e r r o r ,  e s p e c i a l l y  i n  t h e  m easurem ents perform ed  
i n  th e  p a r a l l e l  p erm ea m eter .
5 ,  The e r r o r  t h a t  m ig h t  h a v e  o c c u r e d  i n  t h e  e x p e r im e n ta l  
d e t e r m in a t io n  o f  t h e  s u r f a c e  a r e a  o f  th e  g r a i n s  c o u ld  
b e  a r e s u l t  o f  s t r e t c h i n g  w h i le  u n f o ld in g  t h e  m o d e lin g  
c l a y ,  and a p o s s i b l e  e r r o r  i n  e s t im a t in g  t h e  t r a c e d  
s u r f a c e  a r e a s .  The e r r o r  i n  t h i s  c a s e  i s  e s t im a t e d
t o  be r o u g h ly  1 , 0 # .
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CHAPTER VII
CONCLUSIONS
Prom t h i s  s t u d y ,  t h e  f o l l o w i n g  c o n c l u s i o n s  a re  drawn:
1 .  The p ro p o se d  f a l l  v e l o c i t y  fo r m u la  ( e q u a t i o n ( 3 . l O ) ) can be  
u se d  to  e s t i m a t e  t h e  f a l l  v e l o c i t y  th rou gh  w ater  f o r  m a t e r i a l s  
s i m i l a r  t o  t h o s e  t e s t e d  i n  t h i s  work ( 0 , 6 9  cm, 1 , 6 8  cm and 
4 , 3 6  cm cru sh ed  r o c k ,  and 1 , 5 9  cm rounded q u a r t z ) ,  and under  
t h e  same ran ge  o f  R eynolds  numbers (2600  — 36500) u se d  i n  t h i s  
s t u d y .
2.  Convergence was shown to  c a u s e  t h e  n on-D arcy  c o e f f i c i e n t ,  
h , o f  t h e  Forchheimer e q u a t io n  t o  d e c r e a s e  to  about  80# o f  i t s  
p a r a l l e l  f l o w  v a l u e ,  p r o v i d e d  t h e  Dàrcy t e r m , a , i s  t r e a t e d  a s  
a c o n s t a n t .
3 .  The s u g g e s t e d  e x p r e s s i o n  ( 5 . 6 . 3 )  t o  p r e d i c t  t h e  r e d u c t i o n  
i n  b f o r  c o n v e r g e n t  f l o w  can be  u se d  f o r  s i m i l a r  m a t e r i a l s  
( 0 . 6 9  cm, 1 . 6 8  cm and 4 . 3 6  cm c ru sh ed  r o c k  and 1 . 5 9  cm q u a r tz )  
and f o r  t h e  range o f  R eyno lds  numbers ( 6 6  -  2 2 ,0 0 0 )  t h a t  was  
u se d  i n  t h i s  s tu d y .
4 .  E q u a t io n s  ( 6 . 1 )  and ( 6 . 2 )  d e r i v e d  from 750 d a t a  p o i n t s  can  
b e  regard ed  as t h e  d i m e n s i o n l e s s  f r i c t i o n  e x p r e s s i o n s  w i th  and 
w i t h o u t  w a l l  e f f e c t  c o r r e c t i o n  r e s p e c t i v e l y ,
6 4
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FIGURES
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F i g u r e  2 .1 :  The 4 . 3 6  cm C ru sh e d  Rock
F i g u r e  2 . 2 ;  The 1 . 6 8  cm C ru sh e d  Rock
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F ig u re  2 . 3 :  The 0 . 6 9  cm Crushed Rock
#
6G
F i g u r e  i ho  1 . 5 0  cm Ro unded  Q u a r t :
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F i g u r e  2 .5 :  C o m p ar i so n  o f  t h e  Four  M a t e r i a l  s
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6 8
F i g u r e  2 ,6 :  P r o c e d u r e  f o r  t h e  D e t e r m in a t i o n  
o f  Su r  f  a  c e Ar e a




F ig u r e  2 ,7 :  Tj>3) i c a l  Samples o f  t h e  Traced  
S u r fa c e  Areas f o r  t h e  4 .3 6  cm Crushed Rock
( t o p )  and t h e  0 . 6 9 ' cm Crushed Rock(bottom)




F ig u re  2 .8 :  T y p ica l  Samples o f  t h e  Traced Surface  
Areas f o r  th e  1 , 6 8  cm Crushed Rock ( t o p )  and t h e  
1 ,5 9  cm Rounded Quartz (bottom )






A crushed  rock 
•  rounded quartz
I 2  3 4  5
Mg c m
F ig u r e  2 . 9 ;  The R e l a t i o n s h i p  Between  Mg and oCg
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F ig u r e  3 .1 :  The T es t  Column For P a l l  V e l o c i t y
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F i g u r e  8 . 2 :  A Typi c a l  Pc.]. 1 
V e l o c i t y  T e s t
_...J









A crushed rock 





  extrapolated curves  
quartz  ô  marbles  




F ig u r e  3.-3; R e l a t i o n s h i p  Between t h e  Drag  
C o e f f i c i e n t  and R eyn o ld s  Number







A c r u s h e d  r o c k  
O q u a r t z  




F ig u r e  3 .4 :  %  " Cp R e l a t i o n s h i p
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A crushed rock 
o  quartz  
® marbles  
extrapolated by eq.  (3-10)
R o u s e ’ s curve
100 I 0 0 0
Vj: ( c m / s e c )
F igu re  3 .5 ;  F a l l  V e l o c i t y  V ersu s  Nominal D iam eter
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9 03 0 4 0 5 0 60 807 0
Obs. Vf c m /  s e c
F ig u r e  3 .6 :  C o r r e l a t i o n  o f  t h e  O bserved  
and C a l c u l a t e d  F a l l  V e l o c i t i e s






R|  ^ » 2 0 , 0 0 0  
=  1 2 , 0 0 0  
Rjyj ■ 6 , 0 0 0
8 10 1 2  
. c < s
F ig u r e  3 , 7 :  R e l a t i o n s h i p  B e tw een  Cp and
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F ig u re  4 . 1 ;  Pic%omeber Beard
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- 36 - O'
SIDE VIEW
P i r o r o  4 . 2 :  D e t a i l s  o f  t h e  P a r a l l e l  Plow P e r m e a m e te r
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F i  g u r  G 4.. S s A P ro  n t  V i  e iv o f  t  h  e 
P a r 0.3.1 o l  Flov; P o r m e a m e te r
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F i g u r e  4 . 4 :  A S ide  V'isvr o f  t h e  P a r a l l e l  Flovr
P e rm e am e to r  S h o r in g  t h e  Tco. S e t s  o f  P i e z o m e t e r s












Max. Q = 218 -5  U SG P  M
Av- Q = 12 5 - 0  U SG P M
Min. Q = 3 0 - 0  U S G P M
35 4 5  5 5
L (cm)
F ig u r e  4 . 5 : cp VS L f o r  t h e  4 , 3 6  cm Crushed Rock
6 5









4 0 U S G P M
  A  V • Ü S 6  P M
U S G P M20
15 25 3 5 4 5  5 5
L (cm)
F ig u r e  4 . 6 :  VS L f o r  t h e  1 . 6 8  cm Crushed Kook
6 5












Max- Q = 1 05  0  U S G P M
Av.  Q = 6 0  0  U S G P M
Min. Q = 2 0  0 U S G P M
5 515 25 3 5  45
L (cm)
F ig u re  4 . 7 ;  <^ 5 VS L f o r  t h e  0 , 6 9  cm Crushed Rock
6 5














Max. Q = 140 -0  U S G P M
A V. Q = 8 0  0 U S G P M
Min. Q = 2 0 - 0  U S G P M
3 5 4 5  5 5
L (cm)
F ig u r e  4 . 8 :  VS L f o r  t h e  1 . 5 9  cm Rounded Quartz
6 5
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F i g u r e 4 . G: Poro  s i i y  M ea su re m e n t  
i n  t h e  P a r a l l e l  F e r m e a m e te r
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F ig u re  4 . 1 0 :  The T e s t  Column o f  t h e  P a r a l l e l  Permeameter  
D iv id e d  I n t o  4 Im aginary  S e c t i o n s  For P o r o s i t y  Measurements
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4,12^  The o f  i f ^ p i u g  o f  t h e
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F i g u r e  4 .1 3 s  D i s p o s a i  o f  t h e  
1 . 5 9  c;n liounded Q u a r t s
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I
F i g u r e  4 . 1 4 :  The 4,.36 cm C ru s h e d  Rock 
P la c e d  i n  t h e  C onverg ing  Permeameter
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F ig u re  4.-15: The 1 . 5 9  cm Hoanded 
Q u a r t z  P l a c e d  i n  bhe C o n v e r g in g  
F lo v  Permeameter
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F i g u r e  4 .1 6 :  A S ide  V i e r r  o f  t h e  C o n v e rg in g  P e r m e a m e te r  
S hov ing  t h e  S t i f f i n i n g  .Anglos and t h e  Wooden S u p p o r t
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6 0  -
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4 0  -
, Max. Q = 180- 0  U S G P M
Av. Q = 100-0 U S G P M
2 0  -
 Min Q = 4 0 - 0  U SG PM
0
10 30 5 0 7 0 9 0 (1 0  
Tr ( cm)
3 0
F ig u r e  4 . 1 7 :  cp YS r„ f o r  t h e  4 ,3 6  cm Crushed Rock



















3 0 5 0
r- —  Mox* Q = 165- 0 U S GP M
Av. Q = 9 0 •0 U S G P M
------Min Q = 20 •0 U S GP M
7 0 9 0 110  
f r  ( cm )
3 0
F ig u r e  4 .1 8 ;  VS f o r  t h e  1 . 6 8  cm Crushed Rock
















.— —  M Q X • Q = 110 0 U S G P M
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3 0 5 0 7 0 9 0 110  
fr ( c m )
130
F ig u r e  4 . 1 9 : c p  VS Tq f o r  t h e  0 . 6 9  cm Crushed Rock



















Max. Q = 1 5 0 - 0  U S G P M
Av .  Q = 8 0 - 0  U S G P M
Min Q = 2 0 - 0  U S G P M
3 0 5 0 7 0 9 0 10 3 0
f r  ( c m )
F ig u r e  4 . 2 0 :  cp VS f o r  t h e  1 , 5 9  cm Rounded Quartz
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9 9
inc l i ned
p l a t e
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F i g u r e  4 ,2 1 :  T e s t  S e c t i o n  f o r  P o r o s i t y  Measurement  
i n  t h e  Converging Permeameter
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F i g u r e  4 , 2 2 :  The 1 . 5 9  cm Rounded 
Q u a r t s  D u r in g  a  P o r o s i t y  M easu re ­
ment i n  t h e  C o n v e rg in g  P e r m e a m e te r
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a = 0 - 0 1 6 3  ±  O '  0 0 6 4( s e c / c m )
b =  0 - 0 3 1 6 ±  0 - 0 0 1 4
2  5
0 - 9 8 8
2-0
0 - 5
0 2 4 6 8 10
V ( c m / s e c )
F igu re  5 .4 :  P a r a l l e l  Plow F r i c t i o n  Curve
f o r  t h e  0 . 6 9  cm Crushed Rock
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1 0 4
( s ec / cm)
a = 0  0 0 9 2  ±  0 - 0 0 3 7
2-0
b =0- 0172  ±  0 - 0 0 0 7
0 - 9 9 2
0-5
106 82 40
V ( c m / s e c )
F ig u r e  5 , 5 :  P a r a l l e l  Flow F r i c t i o n  Curve  
f o r  t h e  1 .5 9  cm Rounded Quartz









■ 4 0 08 0 ISO 2 4 00 3 2 0 4 8 0
X
F i g u r e  5 . 6 :  D i m e n s i o n l e s s  F r i c t i o n  Curve f o r  t h e  
Data o f  McCorquodal e , Ng, Dudgeon and Lane 
(No Wall C o r r e c t io n )










8 0 ISO0 2 4 0 3 2 0 4 0 0 4 8 0
X
F ig u r e  5,.7: D im en s ion l  e s s  F r i c t i o n  
Curve f o r  t h e  W r i t e r ' s  Data Only  
(No Wall C o r r e c t io n )
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4 8 03 2 0 4 0 00 8 0 1 6 0 2 4 0
X
F ig u r e  5 . 8 :  D ir a e n s io n le s s  F r i c t i o n  
Curve f o r  t h e  D ata  A l t o g e t h e r  
(No Wall C o r r e c t io n )
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1 0 8
Y'
4 0 0  -
3 2 0
2 4 0 -
Y* = 1 - 3 7 4  +  1-155 X
160  -
F ig u re  5 .9 ;  D i m e n s i o n l e s s  F r i c t i o n  Curve f o r  t h e  
Data o f  McCorquodale,  Ng, Dudgeon and Lane  
(With Wall C o r r e c t io n )
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4 0 03 2 02 4 01608 00
X
F ig u re  5 .1 0 :  D i m e n s i o n l e s s  F r i c t i o n  
Curve f o r  t h e  W r i t e r ' s  D ata  Only  
(With Wall C o r r e c t io n )
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F ig u r e  5 ,1 1 :  D i r a e n s io n l e s s  F r i c t i o n  
Curve f o r  t h e  Combined D a ta  
(With Wall C o r r e c t i o n )
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0 4 0 = 0 0 0 0 7  ±  0 - 0 0 5 5  
b =0-0354  0 0 013
Cr = 0 - 9 7 0
i / v
(sec/cm )
Qr" Qii = 0-0178
be = 0 - 0 2 8 8
0-3
0-2
100 2 4 6 8
V ( c m /s e c )
P ig u r e  5 , 1 8 ;  C onverg ing  Plow P r i c t i o n  
Curve f o r  t h e  0 . 6 9  cm Crushed Rock
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0  16 0  2 40 20
Cal .
F i g u r e  5 . 2 0 :  C o r r e l a t i o n  o f  t h e  Observed  
and C a l c u l a t e d  V a lu e s  o f  ”Z"
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX B
TABLES
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T a b l e  2 . 1 :  D a t a  o f  S a m p l e  N o ,  "1 " ( C r u s h e d  R o c k )
y  =  2 . 5 9  g m / c m ^
1 2 0
P a r t i e l  e 
No.
Wt. ( gm) 
t  0 . 0 0 5
V o l . ( 0 . c) 






l / c m
1 213 .0 8 2 . 3 0 5 .4 0 1 4 2 . 5 1 .7 6 0 9 . 4 5
2 9 7 . 0 3 7 .5 0 4 . 1 5 8 6 . 0 2 .300 9 . 5 0
3 1 9 2 .0 7 4 . 0 0 5 .2 1 1 2 8 .0 1 .7 3 0 9 . 0 0
4 1 5 8 .0 6 1 .  20 4 . 8 9 1 1 5 .0 1 .8 8 0 9 . 2 0
5 1 1 2 . 0 4 6 . 4 0 4 . 4 4 9 8 . 0 2 . 1 2 0 9 . 4 0
6 6 6 . 0 2 5 .5 0 3 .6 6 6 7 . 0 2 .630 9 . 6 3
7 1 4 0 .0 5 4 . 1 5 4 .7 0 1 0 0 . 0 1 .8 5 0 8 . 7 0
8 1 3 6 .0 5 2 .  50 4 . 6 5 9 3 .0 1 .7 7 0 8 . 2 0
9 1 5 8 .0 6 1 .  20 4 .8 9 1 2 0 . 0 1 .9 6 0 9 . 6 0
10 1 7 4 .0 6 7 .  20 5 . 0 4  , 1 2 5 .0 1 .8 6 0 9 . 3 5
11 6 2 .5 2 4 .2 0 3 . 5 9 6 7 . 0 2 .770 9 . 9 5
1 2 1 1 2 . 0 4 6 .4 0 4 . 4 4 9 6 . 5 2 .080 9 .  25
13 5 4 .0 2 0 .8 0 3 . 4 2 6 3 . 0 3 . 0 3 5 1 0 . 4 0
14 1 3 1 . 5 5 0 .8 0 4 .6 0 9 9 .0 1 .9 6 0 9 . 0 0
15 6 5 .0 2 5 .1 0 3 . 6 4 6 7 . 5 2 .700 9 . 8 0
16 6 5 .0 2 5 .1 0 3 . 6 4 6 2 . 5 2 .480 9 . 1 0
17 7 4 . 0 2 8 .6 0 3 .7 9 7 0 . 0 2 ,450 9 .  25
18 2 0 0 . 0 7 7 .3 0 5 . 2 9 ,1 4 5 .0 1 .8 8 0 9 . 9 0
19 9 9 . 0 8 8 .3 0 4 .1 8 8 7 . 0 2 .270 9 . 5 0
20 208.0 8 0 . 5 0 5 .3 6 1 3 7 .0 1 . 7 0 5 9 . 1 5
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1 2 1
T a b le  2 . 1  ( c o n t in u e d )
2L 1 8 4 .0 7 1 .0 0 5 . 1 3 1 1 8 .0 1 .6 7 0 8 .60
22 1 3 1 . 5 5 0 .8 0 4 .6 0 9 4 . 0 1 .8 6 0 8 . 5 5
23 6 2 . 5 2 4 .2 0 3 .5 9 6 8 . Q 2 .8 2 0 1 0 . 1 0
24 1 0 5 . 0 4 0 .6 0 4 . 2 7 8 8 . 0 2 .170 9 . 3 0
25 5 7 . 5 2 2 .3 0 3 ,4 9 6 8 . 5 3 .0 5 0 1 0 .6 0
26 2 2 1 . 0 8 5 . 5 0 5 . 4 7 1 3 8 .0 1 . 6 2 0 8 . 8 0
27 57.-5 2 2 .3 0 3 .4 9 5 8 . 5 2 .6  30 9 . 2 0
28 8 4 . 0 3 2 .5 0 3 .9 6 7 6 . 5 2 .3 6 0 9 . 3 5
29 5 4 .0 2 0 .80 3 . 4 2 5 8 . 5 2 .8 1 0 9 . 6 0
30 2 2 1 . 0 8 5 .5 0 5 . 4 7 1 2 5 . 0 1 . 4 6 5 8 . 0 0
Standard Error
Standard Error  
o f  t h e  Mean
Mg = 4 . 3 6  cm 0 . 9 6 5 0 . 1 7 8
Av. ocq = 9 .  35 0 . 5 0 0 0 . 0 9 2
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1 2 2
T a b l e  2 .  2 :  D a t a  o f  S a m p l e  N o ,  " 2 "  ( C r u s h e d  R o c k )
"ZT =  2 , 6  2 g m / c m ^




±  0 , 0 0 5
V o l . ( c . c )  







1 9 , 0 3 .4 4 0 1 .8 7 0 2 1 . 0 0 6 . 1 2 1 1 .4 0
2 1 0 . 4 3 .9 7 0 1 . 9 6 3 2 3 .00 5 . 8 0 1 1 .4 0
3 5 . 5 2 . 1 0 0 1 . 5 8 0 1 5 .0 0 7 . 1 5 1 1 . 3 0
4 1 2 . 4 4,. 740 2 .0 8 0 2 3 .0 0 4 . 8 5 1 0 . 1 0
5 1 2 . 6 4 .8 0 0 2 .0 9 0 23 .50 4 . 9 0 1 0 . 3 0
6 8 . 5 3 .2 4 0 1 . 8 3 5 1 9 . 0 0 5 , 8 8 1 0 . 8 0
li 5 . 5 2 . 1 0 0 1 . 5 8 0 1 3 . 0 0 6 . 2 0 9 .8 0
8 - 4 . 0 1 . 5 2 5 1 . 4 3 0 1 2 . 0 0 7 . 8 5 1 1 . 2 5
9 4 , 0 1 . 5 2 5 1 . 4 3 0 1 1 .5 0 7 . 5 8  . 1 0 . 8 0
10 9 , 0 3 .4 4 0 1 . 8 7 0 2 0 . 0 0 5 . 8 3 1 0 .9 0
11 1 1 . 1 4 .  240 2 . 0 0 0 2 2 . 0 0 5 . 2 2 1 0 . 4 5
1 2 1 0 , 0 3 .8 2 0 1 .9 4 0 2 2 . 0 0 5 . 7 5 1 1 . 1 5
13 5 , 4 2 .070 1 . 5 7 5 1 3 .5 0 6 . 5 5 1 0 .3 0
14 2 . 0 0 . 7 6 3 1 . 1 3 5 7 . 5 0 9 . 8 0 1 1 . 1 5
15 2 . 0 0 . 7 6 3 1 . 1 3 5 9 .0 0 1 1 . 8 0 1 3 . 4 0
16 3. 2 1 . 2 2 0 1 . 3 2 5 1 1 . 0 0 9 . 0 2 1 2 . 0 0
17 5 . 0 1 .9 1 0 1 .5 4 0 1 2 .  25 6 . 4 5 9 .9 0
18 8 . 4 3. 200 1 . 7 9 5 1 7 .0 0 5.  33 9 .  55
19 1 1 . 5 4 .4 0 0 2 .0  30 2 2 . 0 0 5 .0 0 1 0 . 1 5
20 1 4 .0 5. 350 2 .1 7 0 27 .00 5 .3 0 1 0 .9 0
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Table  2 . 2  ( c o n t in u e d )
1 2 3
21 4 . 5 1 . 7 2 5 1 . 4 9 0 1 3 .5 0 7 . 8 5 1 1 . 6 5
2 2 8 . 6 3 .2 8 0 1 . 8 4 3 1 7 .5 0 5 . 3 5 9 . 9 0
23 1 0 . 4 3 .9 7 0 1 . 9 6 3 23 .00 5 ,8 0 1 1 . 4 0
24 1 1 . 1 4 . 2 4 0 2 . 0 0 0 2 2 . 0 0 5 , 2 2 1 0 . 4 5
25 1 4 . 5 5 .5 3 0 2 . 2 0 0 24 .00 4 . 3 5 9 .6 0
26 6 . 5 2 .4 8 0 1 .6 8 0 1 7 ,5 0 7 . 6 5 1 1 . 8 5
27 7 . 2 2 .7 5 0 1 . 7 4 0 1 7 .5 0 6 . 3 8 1 1 . 1 0
28 4 . 0 1 . 5 2 5 1 .4 3 0 1 1 . 0 0 7 . 2 2 1 0 .3 0
29 3 . 5 1 . 340 1 .3 7 0 1 1 . 0 0 8 . 2 0 1 1 . 2 5
30 2 .5 0 . 9 6 0 1 . 2 2 0 1 1 . 0 0 1 1 .5 0 1 4 .0 0
Standard Error Standard Error  
o f  th e  Mean
Mg = 1 . 6 8  cm 0 .  2315 0 . 0 4 2 5
Av.cv^s = 1 1 . 0 0 . 7300 0 . 1 3 4 0
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1 2 4
T a b l e  2 . 3 :  D a t a  o f  S a m p l e  N o ,  ” 3 "  ( C r u s h e d  R o c k )
"2T =  2 . 5 8  gm/cm®
P a r t i c l e
No.
Wt. ( gm) 
± 0 . 0 0 5
V o l . ( c . c )  






l / c m
1 1 . 5 0 0 . 5 8 2 1 . 0 3 5 6 . 25 1 0 . 7 5 1 1 . 1 5
2 1 . 3 0 0 . 5 0 5 0 . 9 8 8
3 1 . 0 0 0 . 3 8 8 0 .9 0 5 5 .5 0 1 4 .2 0 1 2 . 8 5
4 1 . 1 0 0 . 4 2 5 0 . 9 3 0  .
5 1 . 0 0 0 . 3 8 8 0 . 9 0 5 5 . 7 5 1 4 . 8 5 1 3 .4 0
6 1 .5 0 0 , 5 8  2 1 . 0  35 7 . 0 0 1 2 . 0 0 1 2 .4 0
7 0 . 5 0 0 . 1 9 4  • 0 . 7 2 0
8 0 . 5 0 0 . 1 9 4 0 . 7 2 0
9 0 . 3 0 0 . 1 6 5 0 .6 0 5
10 0 . 3 0 0 . 1 6 5 0 . 6 0  5
11 0 . 8 0 0 . 3 1 0 0 . 8 3 5 5 .0 0 1 6 .2 0 1 3 .5 0
1 2 0 . 8 0 0 . 3 1 0 0 . 8 3 5 5 . 5 0 1 7 .8 0 1 4 . 8 0
13 0 . 6 0 0 . 2 3 2 0 . 7 5 7 8 . 2 5 1 4 .2 0 1 4 . 6 0
14 1 . 5 0 0 . 5 8  2 1 . 0 3 5
15 0 . 50 0 . 1 9 4 0 . 7 2 0
16 0 . 4 0 0 . 1 5 5 0 . 6 6 7
17 0 . 5 0 0 . 1 9 4 0 . 7 2 0
18 0 . 4 0 0 . 1 5 5 0 . 6 6 7
19 0 . 1 0 0 . 0 3 9 0 . 4 2 0 6 . 0 0 1 5 . 4 5 1 4 .0 0
20 0 . 1 0 0 .0  39 0 . 4 2 0 5 . 7 5 1 4 , 8 5 1 3 . 4 0
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T able  2 . 3  ( c o n t in u e d )
1 2 5
21 0 . 3 0 0 . 1 6 5 0 . 6 0 5
2 2 0 . 3 0 0 . 1 6 5 0 . 6 0 5
23 0 . 2 0 0 . 0 7 8 0 . 5 3 0
24 0 . 2 0 0 . 0 7 8 0 . 5 3 0
25 0 . 8 0 0 . 3 1 0 0 . 8 3 5 6 . 0 0 1 9 .4 0 1 5 . 7 5
26 0 . 1 0 0 . 0 3 9 0 . 4 2 0 5 . 7 5 1 4 . 8 5 1 3 .4 0
27 0 . 7 0 0 . 2 7 2 0 . 8 0 5
28 0 . 7 0 0 . 2 7 2 0 . 8 0 5
29 0 . 2 0 0 . 0 7 8 0 . 5  30
30 1 .99 0 . 7 7 6 1 . 1 4 0 9 ,0 0 1 1 . 6 5
.. ..............................
1 3 . 2 5
Standard Error
Standard Error  
o f  t h e  Mean
Mg = 0 . 6 9  cm 0 . 1 8 3 0 . 0 3 3 5
A v .ocg  = 1 3 . 6 1 . 1 2 0 0 . 3 3 0 0
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T a b l e  2 , 4 :  D a t a  o f  S a m p l e  N o .  " 4 "  ( R o u n d e d  Q u a r t z )
^  = 2 . 6 3  gm/cra®
1 2 6
P a r t i c l e  
No.
Wt. ( gm) 
± 0 . 0 0 5
V o l , ( c . c )  






l / c m
1 1 6 . 5 6 .3 0 0 2 .2 9 0 2 5 .0 0 3 .9 7 9 . 1 0
2 9 . 5 3 .6 2 0 1 . 9 0 0 1 7 .5 0 4 .8 5 9 . 2 0
3 5 . 3 2 .040 1 . 5 7 0 1 4 .0 0 6 . 8 5 1 0 . 7 5
4 4 . 0 1 .5 2 0 1 . 4 2 8 9 .5 0 6 . 25 8 . 9 5
5 2 . 8 1 . 0 6 5 1 . 2 6 7 7 . 5 0 7 . 0 2 8 . 9 0
6 7 . 0 2 .6 7 0 1 . 7 2 0 1 4 ,5 0 5 . 4 3 9 . 3 0
7 4 . 0 1 . 5 2 0 1 , 4 2 8 9 . 0 0 5 . 9 2 8 . 4 5
8 6 . 0 2 . 280 1 . 6  30 1 2 .5 0 5 .5 0 8 . 9 5
9 4 . 5 1 .7 1 0 1 . 4 8 5 1 1 .5 0 6 . 7 2 10  ..10
10 8 . 0 3 .0  50 1 .8 0 0  , 1 6 .0 0 5. 26 9 . 4 5
11 5 .  5 2 . 1 0 0 1 .5 9 0 9 . 0 0 4,  29 6 . 8 0
1 2 8 . 4 1 . 2 9 5 1 .3 5 0 7 . 7 5 6 . 1 0 8 . 1 3
13 5 ,0 1 . 9 0 0 1 .5 4 0 1 0 .5 0 5 . 5 2 8 . 5 0
14 6 . 0 2 .7 8 0 1 . 6 3 0 1 2 . 2 5 5 .4 0 8 . 7 8
15 7 . 0 2 .6 7 0 1 .7 2 0 1 4 . 7 5 5 .5 0 9 .4 0
16 7 . 5 2 .850 1 . 7 6 0 1 7 .0 0 6 . 0 0 1 0 . 5 0
17 3 . 4 1 . 2 9 5 1 .3 5 0 9 .0 0 6 . 9 9 9 .4 0
18 3 . 5 1 . 3 3 0 1 . 3 6  2 8 . 7 5 6 . 6 0 9 . 0 0
19 7 . 0 2 .670 1 .7 2 0 1 5 .0 0 5 . 6 2 9 . 7 0
20 7 .0 2 .6 7 1 . 7 2 0 1 5 .5 0 5 .8 0 9 . 9 5
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Table  2 , 4  ( c o n t in u e d )
127
21 5 . 4 2 .060 1 . 5 8 0 1 3 .0 0 6 . 3 2 9 . 9 5
22 5.  5 2 . 1 0 0 1 . 5 9 0 1 1 .5 0 5 .5 0 8 . 7 0
23 6 , 5 2V470 1 . 6 8 0 1 3 .5 0 5 .4 8 9 .  20
24 1 0 . 0 3 .8 0 0 1 . 9 3 5 1 5 .5 0 4 .1 0 7 . 9 0
25 7 . 0 2 .670 1 . 7 2 0 1 3 . 7 5 5 . 1 4 8 . 8 0
26 7 . 0 2 .670 1 . 7 2 0 13 . 50 5 . 0 4 8 . 6 8
27 5 . 8 2 . 2 1 0 1 . 6 2 0 1 2 . 7 5 5 .7 7 9 . 3 0
28 6 . 7 2 .550 1 . 6 9 5 1 2 . 2 5 4 .8 1 8 . 1 3
29 4 . 1 1 .5 6 0 1 . 4 4 0 1 1 .5 0 7 .4 0 1 0 . 6 0
30 7 . 0 2 .670 1 . 7 2 0 1 3 . 5 0 5 . 0 4 8 . 6 8
S tandard  Error
Standard Error  
o f  t h e  Mean
Mg = 1 . 5 9  cm 0 . 2 4 0 . 0 4 4
Av. = 9 .1 0 . 7 2 0 . 1 3 2
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T a b le  3 .1 :  F a l l  V e l o c i t y  o f  t h e  4 , 3 6  cm Crushed Rock
^  =  2 ,5 9  gm/cm^
Average Weight o f  P a r t i c l e  = 1 2 5 .0  gm 
Temperature =  71°F  =  2 1 .6 6 °C
1 3 0




S e t t l i n g  Time 
s e c s
Vf 
f t / s e c
1 0 . 2 7 0 1 .  25 2 .40
2 0 . 5 0 5 1 . 2 0 2 .50
3 0 . 4 6 0 1 . 20 2 .50
4 0 . 4 1 0 1 . 4 0 2 .1 5
5 0 . 4 8 5 1 . 0 0 3 . 0 0
6 0 . 2 6 0 1 . 5 0 2 . 0 0
7 0 .  272 1 . 6 0 1 . 8 8
8 0 .3 4 0 1 . 5 0 2 . 0 0
9 0 , 3 3 8 1 . 3 5 2 . 2 2
10 0 .4 9 0 1 . 2 5 2 .40
11 0 . 4 2 0 1 . 2 5 2.40
1 2 0 . 7 5 0 1 . 1 0 2 .7 3
13 0 .4 7 0 1 . 0 0 3 .00
14 0 . 5 1 5 1 . 1 0 2 .7 3
15 0 . 5 2 0 0 . 9 5 3 .1 6
16 0 . 3 8 5 1.-25 2 .40
17 0 . 225 1 . 0 0 3 .00
18 p . 340 1 . 0 0 3 .0 0
IS 0 . 4 4 0 1 . 4 0 2 .1 5
20 0 . 1 7 0 1 . 6 5 1 . 8 5
21 0 . 2 9 5 1 . 4 0 2 .1 5
22 0^245 1 . 4 5 2 .07
23 0 . 1 8 0 1 .  35 2 . 22
24 0 . 6 0 0 1 . 0 0 3 .00
25 0 . 445 1 . 20 2.-50
26 0 . 2 7 0 1 . 2 5 2 .46
27 0..320 1 . 0 0 3.00
28 0 . 2 7 5 1 . 5 0 2 . 0 0
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( c o n t i n u e d )
1 3 1
29 0 .  290 1 . 0 0 8 . 0 0
30 0 . 2 8 0 1 . 3 5 2 . 22
31 0 . 3 1 0 1 . 2 5 2 .40
32 0 . 3 0 5 1 .  25 2 .40
33 0 .1 8 0 1 . 2 0 2 .50
34 0 .3 1 0 1 . 0 0 3 . 0 0
35 0 . 218 1 . 2 5 2 .40
36 0..240 1 . 0 0 3 .0 0
37 0 . 3 5 0 1 . 5 0 2 . 0 0
38 0 . 250 1 , 2 0 2. 50
39 0 , 4 3 0 1 . 1 0 2 ,7 3
40 0 , 2 8 0 1 , 2 5 2 .40
41 0 .1 8 0 1 . 5 0 2 . 0 0
42 0 . 2 3 5 1 . 4 0 2 ,1 5
43 0 .  290 1 . 1 0 2 ,7 3
44 0 ,2 3 0 11.60 1 . 8 8
45 0 . 2 7 0 1 , 4 0 2 . 1 5
46 0 . 220 1 . 1 0 2 ,7 3
47 0 . 3 0 0 1 . 1 0 2 ,7 3
48 0 . 2 4 5 1 . 4 0 2 ,1 5
49 0 . 4 2 5 1 . 1 0 2 .7 3
50 0 .3 1 0 1 . 2 5 2 .40
51 0 .2 5 0 1 . 0 0 3 .0 0
52 0 . 220 1 . 0 0 3 ,0 0
53 0 . 1 7 5 1 , 0 0 3 .0 0
54 0 . 2 3 0 1 . 1 0 2 , 7 3
55 0 , 3 3 0 1 , 2 0 2 ,50
56 0 .3 3 0 1. -00 3 ,0 0
57 0 ,  240 1 . 5 0 2 . 0 0
58 0 , 2 1 5 1 . 3 0 2 .3 0
59 0 . 5 2 0 1 . 1 0 2 . 7 3
60 0 .3 3 0 1 , 0 0 3 .0 0
61 0 . 200 1 . 3 5 2 . 2 2
6 2 0 . 2 4 5 1 . 2 5 2 .40
63 0 . 1 8 0 1 . 5 0 2 , 0 0
64 0 . 210 1 . 20 2 ,50
65 0 . 1 8 5 1 . 4 6 2 ,1 5
66 0 . 3 1 0 1 . 4 0  . 2 ,1 5
67 0 . 1 9 0 1 , 0 0 3 .0 0
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T a b l e  3 , 1  ( c o n t i n u e d )
1 3 2
68 0 . 2 8 5 1 . 0 0 3 .00
69 0 . 2 1 5 1 . 1 0 2 .7 3
70 0 . 2 6 5 1 . 5 0 2 , 0 0
71 0 .3 0 0 0 . 8 5 3 ,5 4
72 0 . 1 2 0 1 . 8 0 1 . 6 7
73 0 . 2 0 0 1 . 2 0 2 .50
74 0 , 3 1 5 1 . 2 5 2 .40
75 0 . 1 4 0 1 . 3 5 2 , 2 2
76 0 . 1 4 5 1 , 7 0 1 , 7 7
77 0 ,1 4 0 1 .4 0 2 .1 5
78 0 , 1 6 0 1 . 5 0 2 . 0 0
79 0 , 1 3 0 1 , 2 5 2 .40
80 0 . 1 5 0 1 , 5 0 2 , 0 0
81 0 . 1 5 0 1 . 2 0 2 ,50
8 2 0 .1 5 0 1 . 3 5 2 , 2 2
8 8 0 , 1 5 0 1 . 0 0 8 , 0 0
84 0 .1 6 0 1 . 3 5 2 , 2 2
85 0 . 1 2 0 1 , 2 5 2 ,40
86 0 . 1 2 0 1 . 6 5 1 . 8 2
87 0 . 1 2 0 1 . 5 0 2 , 0 0
88 0 , 1 1 0 1 . 5 0 2 . 0 0
89 0 . 1 1 0 1 . 5 0 2 , 0 0
90 0 . 1 1 5 1 . 5 5 1 . 9 4
91 0 . 1 2 0 1 . 3 5 2 . 22
92 0 . 1 0 0 1 . 6 0 1 . 8 8
93 0 . 1 4 0 1 . 0 0 3 .00
94 0 . 1 4 0 1 . 4 0 2 .1 5
95 0 . 1 1 0 1 , 3 0 2 ,30
96 0 , 1 0 0 1 , 5 0 2 , 0 0
97 0 . 4 9 0 1 . 0 0 3 .0 0
98 0 , 3 5 0 1 , 0 0 3 ,0 0
99 0 . 4 8 5 1 . 20 2 ,50
100 0 . 4 7 0 1 , 0 0 3 ,00
Av. Vf 
cm /sec
7 4 , 0
Standard Error
1 2 . 3
Standard Error  
o f  th e  Mean
1 . 2 3
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Table  3 ,2 :  F a l l  V e l o c i t y  o f  t h e  1 . 6 8  cm Crushed Rock
b" = 2 , 6  2  gm/cm^
Average Weight o f  P a r t i c l e  = 7 . 5 5  gm 
Temperature = 71°P = 21 .66°C
1 3 3
P a r t i c l e
No.
Weight  
l b .  .
S e t t l i n g  Time 
s e c s
Vf 
f t / s e c
1 0 . 0 2 0 1 . 7 5 1 . 7 2
2 0 . 0 1 0 2 . 0 0 1 . 5 0
3 0 . 0 1 0 1 . 8 0 1 . 6 7
4 0 . 0  25 1.-65 1 . 8 2
5 0 . 0  25 1 . 6 0 1 . 8 8
6 0 . 0 1 0 2 . 0 0 1 . 5 0
7 0 . 0 1 5 2 . 0 0 1 . 5 0
8 0 . 0 1 7 2 . 20 1 . 3 7
9 0 . 0 2 0 1 . 6 0 1 . 8 8
10 0 . 0 1 0 2 .7 0 1 . 1 1
11 0  , 0  20 2 .40 1 . 2 5
1 2 0 . 0 1 5 ' 1 , 6 5 1 . 8 2
13 0  . 0  22 1 , 8 0 1 . 6 7
14 0 . 0 1 8 1 . 9 0 1 . 5 8
15 0 . 0  23 1 . 8 0 1 . 6 7
16 0 . 0 1 5 1 . 5 0 2 . 0 0
17 0 . 0 2 0 1 , 4 0 2 .1 5
18 0 . 0 1 8 2 . 0 0 1 . 5 0
19 0 . 0 1 3 2 .50 1 . 20
20 0 . 0 1 3 2. 50 1 . 2 0
21 0 . 0 1 3 2 . 1 0 1 . 4 3
22 0 . 0  30 1 . 8 0 1 , 6 7
23 0 . 0 1 0 3 .1 0 0 . 9 7
24 0 . 0 1 1 2 . 0 0 1 . 5 0
25 0 . 0 1 5 2 . 0 0 1 . 5 0
26 0 . 0 2 5 1 . 5 0 2 . 0 0
27 0 . 0 1 8 2 . 1 0 1 . 4 3
28 0 . 0 1 7 2 . 0 0 1 , 5 0
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T a b l e  3 , 2  ( c o n t i n u e d ) 1 3 4
29 0 . 0  25 2 . 0 0 1 . 5 0
30 0 . 0 2 0 2 .50 1 . 2 0
31 . 0 . 0 1 5 2 . 1 0 1 . 4 3
82 0 . 0 1 3 2.50 1 . 2 0
33 0 . 0 1 3 2 . 0 0 1 . 5 0
34 0 . 0 2 0 1 . 9 0 1 . 5 8
35 0 . 0  21 1 . 5 0 2 . 0 0
36 0 . 0 1 8 1 , 6 0 1 . 8 8
37 0 . 0 1 9 1 , 8 5 1 . 6 2
38 0 . 0 1 2 2 . 80 1 . 3 0
39 0 . 0 1 0 2 . 0 0 1 . 5 0
40 0 . 0 1 8 2 . 0 0 1 . 5 0
41 0 . 0 1 0 2 . 0 0 1 . 5 0
42 0 . 0  21 2 . 0 0 1 . 5 0
43 0 . 0  31 1 .9 0 1 . 5 8
44 0 . 0 1 0 2 . 1 0 1 , 4 3
45 0 . 0 1 0 2 . 0 0 1 . 5 0
46 0 . 0 1 9 2 . 0 0 1 . 5 0
47 0 . 0 1 8 1 . 5 5 1 . 9 4
48 0 . 0 1 0 2 . 1 0 1 . 4 3
49 0 . 0  21 1 . 7 5r 1 . 7 2
50 0 . 0 1 5 1 .9 0 1 . 5 8
51 0 . 0 1 6 1 . 7 5 1 . 7 2
52 0 . 0 2 0 2 . 0 0 1 . 5 0
53 0 . 0 1 8 1 . 6 5 1 . 8 2
54 0 . 0 1 2 2 . 0 0 1 . 5 0
55 0 . 0 1 5 1 . 9 5 1 . 5 4
56 0 . 0 1 0 2 . 1 0 1 . 4 3
57 0 . 0 1 0 2 . 1 0 1 . 4 3
58 0 . 0  21 1 .8 0 1 . 6 7
59 0 . 0 1 0 2.30 1 . 8 0
• 60 0 . 0 1 8 2 . 20 1 , 3 7
61 0 . 0 1 7 2 , 0 0 1 . 5 0
62 0 . 0 1 4 2 . 0 0 1 , 5 0
63 0 . 0 1 0 1 .4 0 2 . 1 5
6 4 0 . 0 1 0 2 , 0 0 1 . 5 0
65 0 . 0 1 0 1 . 6 5 1 . 8 2
6 6 0 . 0 1 0 2 . 0 0 1 , 5 0
67 0 . 0 1 0 1 .9 0 1 . 5 8
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T a b l e  3 . 2  ( c o n t i n u e d ) 1 3 5
68 0 .
------------------
0 1 0 2 . 1 0 1 , 4 3
69 0 . 0  20 1 . 6 5 1 . 8 2
70 0 . 0  20 1 . 60 1 . 8 8
71 0 . 0  20 1 ,60 1 . 8 8
72 0 . 0  20 1 . 2 5 2 .40
73 0 . 019 2' .10 1 . 4 3
74 0 . 0 1 4 1 .50 2 . 0 0
7 5 0 . 0 1 2 2Ï. 0 0 1 . 5 0
76 0 . 0 1 0 1 .50 2 . 0 0
77 0 . 030 2! .10 1 . 4 3
78 0 . 013 1 .70 1 . 7 7
79 0 . 040 1 .40 2 . 1 5
80 0 . 0 1 5 2! .00 1 .5 0
81 0 . 0 1 0 2:.90 1 . 0 4
82 0 . 0 1 0 1 . 7 5 1 . 7 2
83 0 . 0 1 7 >.00 1 . 5 0
84 0 . 0 1 0 >.30 1 . 3 7
85 0 . 015 2 ,0 0 1 .5 0
86 0 . 0 1 0 1 .90 1 . 5 8
87 0 . 015 1 . 8 5 1 . 6 2
8 8 0 . 0 1 0 2 , 0 0 1 .5 0
89 0 . 0  22 ‘ 1 . 8 0 1 . 6 7
90 0 . 0  20 . 2 . 1 0 1 . 4 3
91 0 . 0 1 7 1 . 2 5 2 .40
92 0 . 0 1 0 2 . 0 0 1 . 5 0
93 0 . 0 0  5 2 . 2 0 1 . 3 7
94 0 . 0 1 7 2 .30 1 . 3 7
95 0 . 0 1 0 3. .5 0 2 . 0 0
96 0 .. 0 1 0 2 . 0 0 1 . 5 0
97 0 .0 1 0 3 .00 1 . 0 0
98 0 .007 2 . 3 5 1 . 3 7
99 0 .0 1 0 ]. . 8 0 1 . 6 7
1 00 0 .025 ]. . 9 0 1 . 5 8
Av- Vf Standard Error
Standard Error
cm /sec o f  t h e  Mean
49. 2 8 . 1 4 0 . 8 1 4
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1 3 6
Table  3 .3 :  F a l l  V e l o c i t y  o f  t h e  0 , 6 9  cm Crushed Rock
y  = 2 .5 8  gm/cm^
Average Weight o f  P a r t i c l e  = 1 . 1 3  gm 
Temperature = 71°F  = 21.66®C
P a r t i c l e S e t t l i n g  Time Vf P a r t i c l e S e t t l i n g  Time Vf
No. s e c s f t / s e c No. s e c s f t / s e c
1 2 . 4 1 . 2 5 21 3 , 8 0 . 7 9 0
2 3 . 5 0 . 8 6 22 3.5; 0 . 8 6 0
3 2 . 1 1 . 4 3 23 2 . 1 1 . 4 3 0
4 3 . 5 0 . 8 6 24 2 . 4  . 1 . 2 5 0
5 3 . 3 0 . 9 1 25 3 .0 1 . 0 0 0
6 3 .1 0 . 9 7 26 2 . 1 1 . 1 1 0
T 2 . 5 1 . 2 0 27 3 .0 1 . 0 0 0
8 3 .  2 0 . 9 4 28 2 . 6 1 .1 5 0
9 2 . 8 1 . 0 7 29 2 .5 1 .  200
10 2 . 1 1 . 1 1 30 2 . 3 1 . 3 0 0
11 2 . 6 1 . 1 5 81 3 . 2 0 . 9 4 0
1 2 3 . 5 0 . 8 6 82 2 . 4 1 . 2 5 0
13 3 . 5 0 . 8 6 ' 83 3 .0 1 . 0 0 0
14 2 . 4 1 . 2 5 84 2 . 7 1 . 1 1 0
15 2 . 1 1 . 4 3 35 3 .0 1 . 0 0 0
16 2 . 5 1 . 2 0 86 2 . 2 1 . 3 6 5
17 3 .0 1 , 0 0 37 2 . 2 1 . 3 6 5
18 2 ,7 1 . 1 1 88 3 ,0 1 . 0 0 0
19 2 . 8 1 .3 0 89 3 . 8 0 . 7 9 0




Standard Error  
o f  t h e  Mean
33.  2 5 . 6 0 . 8 9
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1 3 7
Table  3 .4 :  P a l l  V e l o c i t y  o f  t h e  1 ..59 cm Rounded Quartz
y  = 2 . 6 3  gm/cm^
Average Weight o f  P a r t i c l e  = 7 . 7  gm 
Temperature = 71°P  = 2 1 . 6 6 °C




S e t t l i n g  Time 
s e c s
F a l l  V e l o c i t y  
cm /se c
1 4 . 5 1 . 6 0 5 7 .3 0
2 9 . 5 1 . 3 0 7 0 . 5 0
3 1 6 . 5 1 .4 0 6 5 .5 0
4 4 . 0 1 . 7 0 5 4 .0 0
5 9 . 5 1 .4 0 6 5 .5 0
6 7 . 0 2 . 0 0 4 5 . 7 2
7 4 .0 1 .7 0 5 4 .0 0
8 6 . 0 1 .4 0 6 5 .5 0
9 4 . 5 1 .6 0 5 7 .3 0
10 8 . 0 1 .6 0 5 7 .3 0
11 5 . 5 1 .8 0 5 1 .0 0
1 2 3 . 4 1 .9 0 4 8 ,2 0
13 5 .0 2 . 0 0 4 5 . 7 2
14 6 . 0 1 .7 0 5 4 . 0 0
15 5 .0 1 . 5 0 6 1 , 0 0
16 7 . 5 2 . 0 0 4 5 , 7  2
17 1 1 . 0 1 .4 0 6 5 . 5 0
18 7 . 7 1 . 6 5 5 5 .5 0
19 7 . 0 1 ,8 0 5 1 .0 0
20 7 . 6 1 .5 0 6 1 . 0 0
21 5 . 4 2 . 0 0 4 5 . 7 2
22 5 . 5 1 .7 0 5 4 .0 0
23 6 . 5 1 .6 0 5 7 .3 0
24 1 0 . 0 1 ,5 0 6 1 .0 0
25 7 . 0 1 ,5 0 6 1 .0 0
26 7 . 0 1 .4 0 : 6 5 .5 0
27 8 . 5 1 . 2 0 7 6 .4 0
28 6 . 7 1 ,9 0 4 8 .2 0
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1 3 8
Table  3 , 4  ( c o n t in u e d )
29 9 . 5 1 .4 0 6 5 .5 0
30 9 . 5 1 .7 0 5 4 .0 0
31 5 . 3 1 . 9 0 48 .  20
32 2 . 8 2 , 1 0 4 3 .6 0
33 3 . 4 2 , 0 0 4 5 , 7 2
34 3 . 5 2 . 0 0 4 5 , 7 2
35 7 . 0 1 . 8 0 5 1 ,0 0
36 6 . 8 1 . 6 0 5 7 .3 0
37 9 . 9 1 . 4 0 6 5 .5 0
38 8 . 2 1 .3 0 7 0 .5 0
39 1 0 . 0 1 ,5 0 6 1 .0 0
40 1 6 . 5 1 . 4 0 6 5 .5 0
41 1 5 . 9 1 , 3 0 7 0 ,5 0
42 1 6 . 6 1 . 7 0 5 4 .0 0
43 7 . 5 1 . 6 0 5 7 ,3 0
44 5 , 8 1 , 4 0 6 5 .5 0
45 4 . 1 1 .5 0 6 1 .0 0
. 46 1 0 . 6 1 . 2 0 7 6 .4 0
47 1 1 . 3 1 . 6 0 5 7 ,3 0
48 7 . 5 1 .7 0 , 5 4 .0 0
49 7 . 0 1 .6 0 5 7 .3 0




Standard E rr er
8 . 3 5
Standard Error  
o f  t h e  Mean
1 . 1 3 5
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Table  3 . 5 ;  P a l l  V e l o c i t y  o f  M a rb les .
S p e c i f i c  Weight = 2 . 5 5  gm/cm^ 









T e s t s
Average  
S e t t l i n g  
Time 
s e c s .
Average  
P a l l  
V e l o c i t y  
c m /se c
2 .460 2 0 . 0 10 1 . 0 0 9 1 . 4 4
1 .6 4 0 5 . 9 30 1 . 1 3 8 1 .0 0
1 . 5 8 2 5 . 3 30 1 . 1 5 7 9 .8 0
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Table  8 . 6 : Observed and C a l c u l a t e d  P a l l  V e l o c i t i e s .
1 4 0
Mat e r i  a l
Observed  
P a l l  V e l o c i t y  
cm /sec
C a l c u l a t e d  
P a l l  V e l o c i t y ,  
cm /s  ec
o b s ,  -  c a l ,
o b s ,
4 , 3 6  cm
1
c r u sh e d  ro c k
7 4 .0 0 7 2 .0 0 I  0 . 0  2700
1
1 , 6 8  cm 
c r u sh ed  ro ck
4 9 ,  20 5 0 ,8 0  1 0 , 0  3300
0 , 6 9  cm 
cru sh e d  r o ck
3 3 ,2 0 13 4 .0 0  1 0 ,0 2 4 0 0
1
1 , 5 9  cm 
rounded q u a r tz
5 8 ,0 0 5 7 ,7 0 0 , 0 0 5 2 0
2 .4 6  cm 
m arbles
9 1 . 4 4 9 1 .2 0 0 . 0 0  285
1 , 6 4  era 
m a rb le s
8 1 ,0 0 8 2 .0 0 0 .0 1 2 8 0
1 , 5 8  2 cm 
m arb le s
7 9 ,8 0  - 8 1 .0 0 0 .0 1 5 1 0
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1 4 1
T a b l e  4 . 1 ;  P a r a l l e l  P l o w  D a t a  f o r  t h e  4 . 3 6  cm C r u s h e d  R o c k
T e m p e r a t u r e  = 7 3 ° P
Q
. USGPM 
. ± 0 . 2 5
P i e z ,
No.
1 2 3 4
L
cm 6 4 . 7 7 4 5 . 7 2 2 6 .6 7 7 . 6 2
3 0 .0 “=1^ cm 1 2 8 .0  ± 0 . 5 1 2 7 . 8  ± 0 . 5 1 2 7 . 6 7  ± 0 . 5 1 2 7 . 3  ± 0 . 5
4 0 .0 1 2 7 .9 1 2 7 .6 1 2 7 .1 1 2 6 .6
5 0 .0 4" 1 3 0 .3 1 2 9 .8 1 2 9 .1 1 2 8 . 3
6 0 .0 4 1 2 4 . 2 1 2 3 .6 1 2 2 . 6 1 2 1 .5
7 0 . 0 4 1 2 1 . 7 1 2 0 . 7 1 1 9 , 3 1 1 7 ,6
8 0 .0 4 1 2 2 .3 1 2 0 . 9 1 1 9 . 2 1 1 7 . 2
. 9 0 .0 4 1 1 9 .9 1 1 8 .1 1 1 6 .  2 1 1 3 .8
1 0 0 . 0 <P 1 2 4 .1 1 2 2 . 2 1 1 9 . 6 1 1 6 , 4
1 2 5 ,0 4 1 2 0 .9 1 1 7 . 9 1 1 4 . 3 1 0 9 . 7
1 5 0 .0 4 1 1 8 . 2 1 1 4 .1 1 0 8 . 9 1 0 2 . 1
1 8 0 .0 4 1 1 7 .3 1 1 1 . 4 1 0 4 ,1 9 4 . 5
2 18 .5 4 1 0 9 .7 1 0 1 .3 8 8 . 7 7 6 . 6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 2
T a b l e  4 . 2 ;  P a r a l l e l  P l o w  D a t a  f o r  t h e  1 » 6 8  cm C r u s h e d  R o c k
T e m p e r a t u r e  = 7 2 ° P
Q
USGPM 
± 0 .  25
P i e z .
No. 1 2 8 4
L
cm 6 4 . 7 7 4 5 . 7 2 2 6 .6 7 7 . 6 2
2 0 . 0 4* cm 1 2 6 . 4  ± 0 . 5 1 2 5 . 9  4  0.5: 1 2 5 . 4  ±  0 . 5 1 2 5 . 0 ±  0 . 5
3 0 .0 4 1 2 4 .6 1 2 3 . 4 1 2 1 .9 1 2 0 . 4
4 0 . 0 4 1 2 7 . 9 1 2 5 . 7 1 2 3 .  2 1 2 1 . 3
5 0 .0 4 1 2 7 . 3 1 2 3 . 7 1 1 9 . 3 1 1 6 . 0
6 0 , 0 4 1 2 5 .6 1 2 0 . 5 1 1 4 ,9 1 1 0 . 2
7 0 . 0 4 1 2 7 .6 1 2 0 . 9 1 1 3 . 5 1 0 7 . 3
8 0 , 0 4 1 2 2 . 7 1 1 3 . 6 1 0 4 . 5 9 6 . 5
9 0 .0 4 1 2 2 . 5 1 1 1 . 5 9 9 . 9 8 9 , 7
1 0 0 . 0 4 1 2 1 . 1 1 0 7 . 8 9 4 .0 8 1 . 8
1 2 0 . 0 4 1 1 4 . 4 9 6 . 0 75*9 5 8 . 7
1 4 4 .0 4 1 1 4 .1 8 7 . 0  ■ 6 0 .  4 3 4 . 7
1 6 6 .0 4 1 0 6 . 9 7 2 . 0 3 5 . 2 2 . 4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 3
T a b l e  4 . 8 :  P a r a l l e l  F l o w  D a t a  f o r  t h e  0 . 6 9  cm C r u s h e d  R o c k
T e m p e r a t u r e  = 7 9 ° F
Q
USGPM
0 . 2 5
P i e z .
No.
1 2 3 4
L
cm 6 4 . 7 7 4 5 . 7 2
2 6 .6 7 7 . 6 2
2 0 .0 "t cm: 1 1 9 . 9  ± 0 . 5 1 1 8 . 7 ±  0 . 5 1 1 7 . 5 ± 0 . 5 1 1 6 . 3  ± 0 . 5
3 0 . 0 4 1 2 5 . 3 1 2 1 .8 1 1 8 . 2 1 1 4 . 6
4 0 . 0 4 1 2 6 . 6 1 2 0 .8 1 1 5 .0 1 0 9 .  2
5 0 . 0 4 1 2 6 . 3 1 1 6 . 7 1 0 7 .1 9 7 . 7
6 0 . 0 4= 1 2 3 . 6 1 1 0 . 3 9 7 .1 8 3 . 9
7 0 . 0 4 1 1 9 .0 1 0 1 . 7 8 5 . 7 6 9 . 2
8 0 . 0 4 1 1 8 .0 9 6 .0 7 6 . 6 5 4 . 4
9 0 . 0 4 1 1 0 .1 8 2 . 2 5 6 . 3 2 9 .1
1 0 5 . 0 4 1 0 9 . 4
i
7 2 . 8 3 8 .0 2 . 7
_______
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1 4 4
T a b l e  4 * 4 ;  P a r a l l e l  F l o w  D a t a  f o r  t h e  1 , 5 9  cm R o u n d e d  Q u a r t z
T e m p e r a t u r e  ■= 7 6 ° F
Q
USGPM 
0 .  25
P i e z .
No.
1 2 3 4
L
cm 6 4 .7 1 45.-72
2 6 .6 7 7 . 6  2
2 0 , 0 4  ^ cm 1 2 7 . 9  ± 0 . 5 1 2 7 . 1  ± 0 . 5 1 2 6 . 3 +  0 » 5 1 2 5 .  5 ± 0 . 5
3 0 .0 1 2 7 ,0 1 2 5 . 4 1 2 3 . 7 1 2 2 . 2
4 0 . 0 1 2 6 , 5 1 2 3 . 6 1 2 0 . 4 1 1 7 . 6
5 0 . 0 4=> 1 2 4 . 7 1 2 0 . 1 1 1 5 . 2 1 1 0 . 8
6 0 , 0 <p 1 2 5 . 7 1 1 9 . 1 1 1 2 . 0 1 0 6 . 1
7 0 . 0 4= 1 2 4 . 5 1 1 5 . 7 1 0 6 . 2 9 8 , 9
8 0 . 0 4- 1 2 2 .9 1 1 1 , 7 9 9 . 5 8 9 . 8
90 .0 <4 1 1 8 . 4 1 0 4 . 3 8 9 .0 7 6 . 2
1 0 0 . 0 cp 1 1 7 .6 1 0 0 , 3 8 2 .0 6 6 . 6
1 2 0 . 0 4» 115 .  2 9 1 . 3 6 5 .0 4 4 .  2
1 4 0 ,0 4 1 1 2 . 2 7 9 . 5 4 4 .0 1 4 . 2
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1 4 5
T a b l e  4 , 5 :  D r y  P o r o s i t y  o f  t h e  4 , 3 6  cm C r u s h e d  R o c k
F r o m  t h e  P a r a l l e l  P e r r a e a m e t e r
S e c t i o n
No.
Water H e ig h t  




c . c .
Volume
o f
P o r e s
c . c .
Dry  
Poro s i t y
1 7 . 0 6 2 3 0 . 0 3 030 .0 0 . 4 8 7
2 1 8 . 0 1 6 0 0 0 . 0 . 7 7 0 0 .0 0 . 4 8 1
8 2 0 . 2 1 8 0 0 0 . Ù
<
8 6 0 0 .0 0 . 4 7 7
4 1 3 . 3 1 1 8 5 0 . 0 5 6 2 0 .0 0 . 4 7 5
' Average Dry P o r o s i t y Standard Error o f  t h e  Mean
0 . 4 8 0 , 0 . 0 0  31
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1 4 6
T a b l e  4 , 6 :  D r y  P o r o s i t y  o f  t h e  1 . 6 8  cm C r u s h e d  R o c k
P r o m  t h e .  P a r a l l e l  P e r m e a m e t e r
S e c t i o n  
No.
Water H e ig h t  




c . c .
Volume 
o f  
P o r e s  
c • c •
Dry
P o r o s i t y
1 1 2 . 4 1 1 2 0 0 . 0 4 9 3 0 .0 0 , 4 4 0
.
2 1 4 . 4 12800 ..0 55 5 0 .0 0 . 4 3 5
3 1 7 . 1
,
1 5 2 0 0 .0 6 6 0 0 ,0 0 . 4 3 5
4 1 7 . 8 1 5 8 0 0 ,0 6 7 9 5 ,0 0 . 4 3 0
Average Dry P o r o s i t y
0 . 4 3 5
Standard E r r o r  o f  t h e  Mean
0 . 0 0  26
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1 4 7
T a b l e  4 . 7 :  D r y  P o r o s i t y  o f  t h e  0 . 6 9  cm C r u s h e d  R o c k
P r o m  t h e  P a r a l l e l  P e r m e a m e t e r
S e c t i o n
No.
Water H e ig h t  




c . c .
Volume
o f
P o r e s
c . c .
Dry 
Poro s i t y
1 1 0 . 6 9 4 5 0 .0 4 4 8 0 .0 0 . 4 7 5
2 1 4 .0 1 2 4 5 0 .0 5 8 5 0 .0 0 . 4 7 0
3 1 6 . 5 1 4 2 0 0 .0 6 6 6 0 ,0 0 . 4 6 9
4 1 7 .0 1 5 1 0 0 .0 7 2 0 0 .0 0 . 4 6 6
Average Dry P o r o s i t y Standard Error- o f  t h e  Mean
0 . 4 7 0 0 . 0 0  215 .
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1 4 8
T a b l e  4 . 8 :  D r y  P o r o s i t y  o f  t h e  1 , 5 9  cm R o u n d e d  Q u a r t z
F r o m  t h e  P a r a l l e l  P e r m e a m e t e r
S e c t i o n
No.
1 Water H e ig h t  




C o  c .
Volume
o f
P o r e s
c . c .
Dry
P o r o s i t y
1 1 2 . 0 1 0 6 8 0 .0 4 0 0 0 .0 0 . 3 7 4
2 17..7 1 5 7 5 0 .0 5800 _0 0 . 3 6 8
.3 1 6 . 6 1 4 8 0 0 .0 5 4 3 0 .0 0 . 3 6 7
4 1 7 . 6
i
1 5 6 5 0 .0 5 7 0 0 .0 0 . 3 6 5
Average Dry P o r o s i t y
0 .3 6 8 5
Standard Error  o f  th e  Mean
0 , 0 0  222
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Table  4 . 1 3 ;  Dry P o r o s i t i e s  From t h e  Converging  Perraeameter
1 5 3




Volume i Dry P o r o s i t y  
1 o f  P o r e s  1
1
4 , 3 6  cm 
Crushed Rock
laoooo.o 5 3 3 0 0 ,0 0 . 4 4 5 ±  0 . 0 0 9 1
1 . 6 8  cm 
Crushed Rock
1 2 0 0 0 0 . 0 5 1 5 0 0 .0 0 ,4 3 0  ±  0 . 0 0 7 8
0 . 6 9  cm 
Crushed Rock
1 2 0 0 0 0 . 0 5 5 4 0 0 .0 0 . 4 6 3  ±  0 . 0 0 6 4




1 2 0 0 0 0 . 0 4 3 7 0 0 .0 0 . 3 6 5  ±  0 . 0 0 6 7
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Table  5 .2 ;  Range o f  R eyn o ld s  Number 
Per t h e  P a r a l l e l  Flow Buns
M a t e r ia l Range o f  Rg
4 , 3 6  cm 
Crushed Rock
2050 -  15000
1 , 6 8  cm 
Crushed Rock
575 -  4800
0 , 6 9  cm 
Crushed Rock
238 -  1380
1 . 5 9  cm 
Bounded Quartz
674  -  4750
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Table 5 , 4 :  Range o f  R eyno lds  Number 
For t h e  R a d ia l  Flow Runs
1 5 6
M a te r ia l Range o f  R@
4 ,  36 cm 
Crushed Rock
9 20 — -, 22000
1 . 6 8  cm 
Crushed Rock
178 —  7800
0 . 6 9  cm 
Crushed Rock
66  —  1930 1 
' ■ 1
1 . 5 9  cm 
Rounded Quartz
- i
209 —  8200 1
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Table  5 . 6 :  Observed  and C a l c u l a t e d  V a lu e s
X 100of z =
M a t e r i a l
Observed
Z
C a l c u l a t e d  
Z




1 9 . 3  % 20.30- # 5 .2 0  #
1 , 6 8  cm 
Crushed Rock
24 _0 % 2 3 .7 5  # 1 . 0 4  #
0 , 6 9  cm 
Crushed Rock
1 6 . 5  % 1 6 . 7 5  # 1 . 5 2  #
1 . 5 9  cm 
Rounded Quartz
2 3 . 2 # 2 2 .4 0  # 3 . 4 5  #
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX C
REFERENCES
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 5 9
REFERENCES
1 .  S c h e i d e g g e r , A. L . , The P h y s i c s  o f  Flow Through Porous
Media, 2nd e d i t i o n ,  U n i v e r s i t y  o f  Toronto P r e s s ,  
T o ro n to ,  1960 .
2 .  W right ,  D. E. , N o n -L in ea r  Flow Through Granular  M ed ia ,
J ,  o f  H y d r a u l i c s  D i v i s i o n ,  ASCE, V o l .  9 4 ,  No. HY4,
J u l y ,  1 9 6 8 ,  C l o s u r e ,  V o l .  9 5 ,  HJ5,. September 1 9 6 9 .
3 .  McCorquodale, J ,  A , ,  F i n i t e  Element A n a l y s i s  o f  Non-
Darcy Flow, A t h e s i s  p r e s e n t e d  to  t h e  U n i v e r s i t y  o f  
Windsor,  Canada, 1 9 7 0 ,  i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  
r e q u ir e m e n ts  f o r  t h e  d e g r e e  o f  D octor  o f  P h i l o s o p h y .
4 .  N e v i l l e ,  A. M. > Kennedy,  J .  B . , B a s i c  S t a t i s t i c a l  
Methods f o r  E n g in e e r s  and S c i e n t i s t s ,  I n t e r n a t i o n a l  
Text book C o . ,  S c r a n to n ,  P a . , 1 9 6 4 .
5 .  B ouse ,  H. , E n g in e e r in g  H y d r a u l i c s . John W iley  and Sons ,  
I n c . ,  New York, 1 9 5 8 .
6 . A l g e r ,  G. R, , Simons,  D. B,.,  F a l l  V e l o c i t y  o f  I r r e g u l a r  
Shaped P a r t i c l e s , J .  o f  H y d r a u l i c s  D i v i s i o n ,  ASCE, V o l .  
9 4 ,  HY3, May, 1 9 6 8 .
7 .  S tr ingham , G, E . , B eh a v io u r  o f  Geom etric  P a r t i c l e s  F a i ­
l i n g  i n  Q u ie sc e n t  V i s c o u s  F l u i d s ,  a Chapter  i n  a D i s -  
s e r t a i o n  p r e s e n t e d  a t  Colorado S t a t e  U n i v e r s i t y  i n  p a r ­
t i a l  f u l f i l l m e n t  o f  t h e  r e q u ir e m e n t s  f o r  t h e  d e g r e e  o f  
D octor  o f  P h i l o s o p h y .
8 . Ward, J .  C. , T u rb u len t  F low i n  Porous  M ed ia , J o u r n a l  
o f  t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, V o l .  9 0 ,  No. HY5,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 6 0
Septem ber ,  1 9 6 4 ,  C l o s u r e ,  V o l .  9 2 ,  Mo. HY4, J u l y  1 9 6 6 .
9 .  Mg, H. C , , An E x p er im e n ta l  Study o f  S teady  Non-Darcv
Flow i n  Crushed Rock, a T h e s i s  p r e s e n t e d  a t  t h e  Uni­
v e r s i t y  o f  Windsor,  Windsor,  Canada, i n  1 9 6 9 ,  i n  p a r ­
t i a l  f u l f i l l m e n t  o f  t h e  r e q u ir e m e n ts  f o r  t h e  d e g r e e
o f  M a s te r  o f  A p p l i e d  S c i e n c e .
1 0 ,  Ahmed, N . , Sunada, D. K . , N o n -L in ea r  Flow i n  Po r o us
M ed ia , J .  o f  t h e  H y d r a u l i c s  D i v i s i o n ,  ASCE, V o l .  9 6 ,  
HY6 , November, 1 9 6 9 .
1 1 ,  Ward, J_  C . , D i s c u s s i o n  o f  R e s i s t a n c e  to  Laminar Flow
Through Porous  M ed ia , J .  o f  H y d r a u l i c s  D i v i s i o n ,  ASCE, 
V o l .  9 3 ,  IIY2, March, 1967 .
1 2 ,  Dudgeon, C. R , , Wall E f f e c t  i n  P e rm e a m e ter s . P r o c . ,
ASCE, J .  o f  H y d r a u l i c s  D i v i s i o n ,  V o l .  9 3 ,  Septem ber ,
1 9 6 7 .
1 3 ,  Dudgeon, C, R, , Flow o f  Water Through Coarse Granular
M a t e r i a l s , M a s te r  o f  E n g i n e e r i n g  T h e s i s ,  U n i v e r s i t y  o f  
New South W ales ,  1 9 6 4 .
1 4 ,  L a n e ,  K. S . ,  D i s c u s s i o n  o f  Laminar and T u rb u len t  Flow
o f  Water Through Sand, P r o c . , ASCE, J .  o f  S o i l  Mech.
D i v . , V o l .  9 0 ,  S13,  May, 1 9 6 4 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX D 
NOMENCLATURE
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 6 1
NOMENCLATURE
A, A Cross  s e c t i o n a l  a r e a  o f  p a r t i c l e  normal t o  t h e
d i r e c t i o n  o f  f a l l
Ac C ross  s e c t i o n a l  a r e a  o f  t h e  c o n v e r g i n g  f lo w
permeameter
At T o ta l  a r e a  o f  permeameter c r o s s - s e c t i o n
a Darcy term i n  t h e  Forchhe im er  e q u a t io n
&!! V a lue  o f  a i n  c a s e  o f  p a r a l l e l  f l o w  c o r r e c t e d
f o r  p o r o s i t y  and w a i l  e f f e c t
a,Q V a lue  o f  a f o r  c o n v e r g e n t  f l o w
B V a r i a b l e  d ep en d en t  on b u lk  v e l o c i t y
b C o e f f i c i e n t  o f  t h e  n on -D arcy  term i n  t h e
Forchhe im er  r e s i s t a n c e  e q u a t io n
b(, V a lu e  o f  t h e  p a r a l l e l  f l o w  b a d j u s t e d  f o r  poro?
s i t y  and w a l l  e f f e c t
bg Value  o f  b i n  c a s e  o f  c o n v e r g e n t  f l o w
C, C ", c C o n s ta n t s
Cd , Cd , Cj) Drag c o e f f i c i e n t s
c(ra) m3
( l  -  m) 2
C o r r e l a t i o n  c o e f f i c i e n t
C^ V a i l  e f f e c t  c o r r e c t i o n
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Dg G rain  d ia m e t e r
d . D ia m eter  o f  a sp h e r e
E q u i v a l e n t  d ia m e te r  o f  a s p h e r e  t h a t  h a s  t h e  
same s u r f a c e  a r e a
dg^  Nominal d i a m e t e r
E D r a in a h le  p o r o s i t y
E (S g ) 0-g
e Exponent
Ejj F o r ce  o f  drag
G s p e c i f i c  g r a v i t y
G’ F u n c t io n  e x p r e s s i n g  e f f e c t  on r e s i s t a n c e
g G r a v i t y  a c c e l e r a t i o n
H SQbg/ô w
i  H y d r a u l i c  g r a d i e n t
J  D i m e n s i o n l e s s  c o n s t a n t
j  Exponent r a n g in g  from 1 . 0  t o  2 .0
K H y d r a u l i c  c o n d u c t i v i t y
k P e r m e a b i l i t y
L P i e z o m e t e r  L o c a t i o n
Lg E f f e c t i v e  l e n g t h  o f  w a l l  zone  p e r i m e t e r
Lp L ength  o f  permeameter p e r i m e t e r
Mg Geometric  mean d ia m e t e r
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m Dry p o r o s i t y
ni|| Dry p o r o s i t y  i n  c a s e  o f  p a r a l l e l  f l o w
iHj; Dry p o r o s i t y  i n  c a s e  o f  c o n v e r g e n t  f l o w
n Number o f  o b s e r v a t i o n s
n„ Number o f  o b s e r v a t i o n s  i n  c a s e  o f  p a r a l l e l  f l o w
n^ Number o f  o b s e r v a t i o n s  i n  c a s e  o f  c o n v e r g e n t
f l o w
P Exponent
Q D is c h a r g e
qg V e l o c i t y  i n  a f i n i t e  permeameter
q V e l o c i t y  i n  an i n f i n i t e  permeameter
Rg R eynolds  number
R  ^ Reynolds  number f o r  f a l l  v e l o c i t y
R^ Reynolds  number used  by Wright
Tq Radius  o f  co n v e r g e n c e
Radius  o f  c u r v a tu r e  
S u rfa ce  a r e a  o f  g r a i n s  
Sg^  Standard d e v i a t i o n  o f  a
Standard d e v i a t i o n  o f  b 
Sg Standard d e v i a t i o n  i n  c a s e  o f  c o n v e r g e n t  f l o w
S„ Standard d e v i a t i o n  i n  c a s e  o f  p a r a l l e l  f lo w
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2Sjjj Combined v a r i a n c e
Sjjj  ^ S tandard d e v i a t i o n  o f  t h e  d i f f e r e n c e  i n  t h e
means
So S p e c i f i c  s u r f a c e
T T o r t u o s i t y
t  ^11 — ^ c
Stnd
V Bu lk  or m a c ro sco p ic  v e l o c i t y
Vp F a l l  v e l o c i t y
Vp V e l o c i t y  i n  t h e  p o r e s
Vj. V e l o c i t y  i n  t h e  r a d i a l  d i r e c t i o n
W Width o f  t h e  c o n v e r g i n g  permeameter
X, X* D i m e n s i o n l e s s  v e l o c i t y  ( R e y n o ld s  number)
X V
xg  G eom etric  mean
Y, Y' D i m e n s i o n l e s s  r e s i s t a n c e
y  i  A
Z P e r c e n t a g e  d i f f e r e n c e  b e tw e en  b„ and bg
Sliape f a c t o r  
 ^ Roughness
G Angle  o f  c o n v e r g e n c e
\  R e s i s t a n c e  c o e f f i c i e n t
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/(I Dynamic v i s c o s i t y
^  K in e m a t ic  v i s c o s i t y
D e n s i t y
Standard  e r r o r  o f  b
e
G eom etr ic  s ta n d a r d  d e v i a t i o n  
P i e z o m e t r i c  head  
Shape f a c t o r
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